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1.1. Overview 
The research presented in this thesis is aimed at studying the electronic structure, 
energetic stability and intrinsic photocatalytic properties of the semiconductors TiO2 and 
ZnO. These studies have been performed using theoretical and computational models 
and in some cases complemented with experimental work from collaborators.  
Before describing the work done during this thesis we will start with a brief summary of 
the most relevant historical discoveries up to the present day. The origin of the interest 
in TiO2 and ZnO as possible photocatalysts started in the sixties where several research 
groups studying photo-induced processes in solids (TiO2 and ZnO for example) found 
that certain molecules like H2O and O2 were adsorbed and desorbed from the surface of 
these semiconductors. This phenomena was explained years later by the d-band 
theory.
1–3
 Soon after these observations S. Kato and F. Masuo reported the first 
photocatalyzed reaction by TiO2; the oxidation of tetralin in liquid phase irradiated with 
UV light.
4
 This result triggered the interest of the scientific community towards TiO2 in 
this field whereby different gas phase reactions based on TiO2 irradiated with UV light 
were reported.
5–8
 Fujishima and Honda were the first to report the photocatalytic 
decomposition of water by using a TiO2 electrode and under UV radiation. This 
publication showed how the bias voltage needed to perform the electrolysis was 
considerably lower compared with normal electrolysis.
9
 In 1977 Scrauzer and Guth 
reported the photocatalytic decomposition of H2O on powdered TiO2 photocatalysts 
with small amounts of Pt or Rh metal particles
10
. The photo-induced electrons in TiO2 
move to the Pt metal site where they promote reduction reactions, while photo-induced 
holes remain in the TiO2 particle and migrate to its surface where they promote 
oxidation reactions.
11,12
 
 
At this point the importance of the electron-hole separation in photocatalytic processes 
arose. These works by Honda/Fujishima and Schrauzer/Guth led to an intense research 
effort to design photocatalytic systems able to exhibit a high conversion efficiency of 
light into chemical energy. The decomposition of H2O into H2 and O2, and some other 
reactions like decomposition of pollutant compounds, motivated this work,  
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Some research groups have focused on colloidal semiconductors,
13
 small nanoparticles 
which display quantum confinement effects, as well as on semiconductors incorporated 
on inert supports such as porous glass and zeolites. Various binary oxide catalysts have 
also been shown to be promising photocatalysts.
14–19
 
 
Before continuing is important to briefly review the known basis of photocatalysis in 
order to understand the results presented in this work. The photocatalytic processes 
consists of the absorption of solar radiation by a semiconductor material therefore the 
electrons that occupy the higher levels of the valence band are promoted to the lower 
levels of the conduction band. This generates electrons in the conduction band and holes 
in the valence band that can either recombine again after certain time, or react 
separately with molecules adsorbed on the surface of the material reducing and 
oxidizing them respectively; this is 
summarized in Figure 1. 
 
Knowing this, one of the most crucial 
point that affects the efficiency of 
photocatalysts is the capability of 
absorbing the most amount of light to 
promote as many electrons as possible 
in order to be able to reduce and oxidize 
more of the adsorbed molecules. The 
amount of light that can be absorbed is 
directly related to the energy difference between the valence band and the conduction 
band of the material. This energy, to promote the electrons between VB and CB, is 
provided by solar radiation. Therefore the band gap of the material determines the 
wavelength of the radiation that can be absorbed and subsequently is able to produce the 
electron promotion and the electron-hole separation needed for catalyzing the redox 
reactions. 
 
The band gap of titanium dioxide and zinc oxide are both near 3 eV. This amount of 
energy corresponds to a wavelength that belongs to the UV region. This is in agreement 
with the fact that the photoactivity of these materials reported in the literature is always 
 
Figure 1 Diagram summarizing the photocatalytic 
processes. The blue circle represents the 
photocatalyzer. The red rectangle represents the 
valence band, blue rectangle represents the 
conduction band. The yellow arrow represents the 
radiation of a certain wavelength adsorbed by the 
material. 
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under UV radiation. That is why one of the main objectives of the research in this field 
is to modify these materials to reduce their band gaps and subsequently shift the 
radiation absorption from the UV spectra to the visible region. 
 
Another important factor that can lead to an increase in the photoactivity is the type of 
surfaces exposed by the photocatalyst. It is well known that for anatase TiO2, for 
example, most of the synthesized nanoparticles tend to expose mainly the [101] surface 
which is the most thermodynamically stable for this polymorph. However, the next 
most stable [001] surface shows a much higher reactivity and subsequently a better 
efficiency in the photocatalytic processes. It would thus be desirable to understand 
which factors affect to the stability of the different surfaces and to find a way to modify 
these factors in order to increase the ratio of [001] surface in such nanoparticles. In this 
work we performed several studies on how the stability of the surfaces in anatase TiO2 
can be influenced to modify this ratio. 
 
Over the last few years another factor has been shown to be also of great importance for 
photocatalysis is the recombination effect of the electrons and holes generated by light 
absorption. As mentioned previously the excitation of electrons from the valence band 
to the conduction band is a process that creates electron-hole pairs. These excited 
species can react separately oxidizing and reducing the compounds adsorbed on the 
nanoparticle (which is the desired process for photocatalysis) or on the other hand can 
rapidly recombine losing the capability to perform such reactions. The way to avoid this 
recombination is yet not clear, but it is known that is related with the mobility of 
electrons and holes in the system and that it depends on the electronic structure of 
system. 
 
The objective of this thesis is to perform theoretical studies and ab initio calculations 
focused on finding the intrinsic properties that cause the previously mentioned 
drawbacks of these materials as high efficient photocatalizers. In this way it is hoped 
that the work herein may assist in overcoming these drawbacks and help improve the 
efficiency of photocatalysts designed in the future.  
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In this chapter we will present an overview of TiO2 and ZnO with special interest on 
their properties applied to photocatalytic processes.  
The results obtained are presented in four blocks, the organization of these blocks 
include the published articles on the respective topics and do not always follow a 
chronological ordering. The different publications have been ordered accordingly to 
their topic: (i) TiO2 bulk studies, (ii) effect of fluorine on the photocatalytic activity of 
TiO2, (iii) TiO2 clusters and nanoparticles, and (iv) results for ZnO. This ordering has 
been chose to clarify the connection between the different works and topics inside the 
thesis. 
Titanium dioxide (TiO2), also known as Titania, is a white colored semiconductor 
material, as most of the transition metal oxides. It has been widely used for a long time 
as white pigment in paints, paper and cosmetics, and also as colorant in the food 
industry and has many other applications. This thesis, however, has been mainly 
motivated by the photocatalytic potential of TiO2. 
 
The three most common polymorphs of TiO2 are Rutile, Anatase and Brookite (see Fig. 
2).Additionally,TiO2 has a number of high pressure forms including a monoclinic 
baddeleyite-like form,11% more dense than Rutile, and an orthorhombicα-PbO2-like 
form. These last two forms will not be considered in this work due to the extreme 
 
 
 
Rutile Anatase Brookite 
Figure 2. Most stable Crystal structures for titanium dioxide (TiO2) 
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conditions needed for their synthesized. The different solid phases presented by TiO2 
depend on the crystalline structure of the system. In the case of Rutile and Anatase they 
present a tetragonal cell and for Brookite an orthorhombic cell. In all three cases the 
titanium atoms are coordinated to six oxygen species in an octahedron. The oxygen 
atoms are bonded to three Ti species with a planar coordination environment. Rutile is 
the most thermodynamically stable bulk polymorph. Anatase and Brookite are 
metastable phases, but stable until high temperatures (~600-800 ºC). However, Anatase 
is most stable at nanometric sizes and its unique photocatalytic properties in this size 
range are the reasons to study these TiO2 polymorphs at both the bulk scale and the 
nanoscale. 
 
 Another material studied in this thesis because of its promising photocatalytic activity 
is zinc oxide (ZnO). This material is also a metal oxide semiconductor but its most 
stable crystal structure is wurtzite (see Figure 3). ZnO has also been predicted to have a 
rich low energy polymorphism
20
 although 
most of these polymorphs are yet to be 
experimentally stabilized. We highlight two 
particularly well-studied low energy 
polymorphs: the body centered tetragonal 
(BCT) structure and sodalite (SOD), which 
were also studied in the present work. 
 The appearance wurtzite ZnO is a white 
solid; often used in industry as additive in 
plastics, rubber, ceramics, glass and in other 
wide range of products, often, as it happens, together with TiO2. Apart from these 
industrial applications, the interesting optical and electronic properties of ZnO make 
this material very useful for other technological applications such as protective devices 
in electric circuits (namely varistors), semiconductors, field-effect transistors, 
photodetectors, blue- and UV light emitting and laser diodes, gas sensors, piezoelectric 
generators, transparent electrodes, and directly related with its photocatalytic properties, 
cells for solar light harvesting.
21–29
 
For both TiO2 and ZnO, their applications are directly related to their electronic 
structures. One of the most representative parameters related with the electronic 
 
 
Figure 3:  Orthorhombic unit cell of wurtzite 
 ZnO on the showing the preferential surface 
orientations. 
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structure of a semiconductor is its band gap. In the case of TiO2 the gap is between 3 
and 3,2 eV depending on the polymorph and for zinc oxide the gaps is ~3,3 eV which is 
clearly close to that of TiO2. For this reason and taking into account its high electron 
mobility, ZnO constitutes a promising candidate to become an efficient photocatalyst, 
although so far it does not outperform TiO2. 
 
Even with the intense interest in these materials and the processes that are able to 
photocatalyze, the complete mechanisms of the photocatalytic processes such as water 
splitting, are unknown. Also the key properties and features that make these materials 
able to perform such reactions efficiently are not at all clear. Here is where 
computational chemistry becomes a powerful tool to shed some light and knowledge on 
the electronic structure of these materials. Such an approach provides the possibility to 
analyze in more detail features where experiments cannot. For example we can begin to 
probe a range of important questions such as: Why certain nanoparticles are more active 
than others? Which are the most important features that make a catalyst effective?  How 
can these materials be tuned to improve their efficiency? How the different 
modifications on the material modify its properties? Which are the intrinsic features of 
the nanoparticles that make them to have different activity that the bulk? 
 
A large number of theoretical works have been carried out in recent years but have 
mostly employed periodic models. Taking advantage of crystal symmetry means that 
relatively small unit cells can be used in such modelling making such an approach 
relatively computationally efficient. However, such modelling thus assumes perfect 
infinite symmetry and is thus not so realistic for nanoparticles. Fortunately, in the past 
few years the power of the computers and codes has increased exponentially and 
nowadays sophisticated methods can be applied to more realistic systems. The idea 
behind this thesis is that a combination of periodic modelling and large scale explicit 
modelling of nanoparticles can be extremely helpful in clarifying some of the important 
issues regarding the electronic properties of (nano)TiO2 and (nano)ZnO.  
 
In the present work we apply computational modelling to study TiO2 and ZnO as they 
are good representative of the most promising photocatalysts. We have studied the 
energetic stability and electronic structure of different systems, going from extended 
Overview  
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periodic systems (e.g. bulk structures and their most stable surfaces), nanoparticles with 
sizes similar to the ones used in experiments, and smaller nanoclusters with a few 
atoms. All these studies have been performed in order to reach an accurate description 
of these systems and also a global vision of the properties of these materials and their 
evolution with their size. These studies highlight the intrinsic electronic structure based 
properties of titanium dioxide and zinc oxide that make them unique for photocatalytic 
applications. The work in this thesis will also be useful to predict properties and specific 
behavior of these materials depending on their phase, geometry, size, or composition 
and also give some hints on how they can be modified to enhance their properties and 
be able to produce more efficient photocatalyst based on TiO2 and ZnO.  
 
As it has been pointed previously the main goal of this thesis is to describe in a 
comprehensive way the most important properties of TiO2 regarding photocatalysis. 
Titania has been shown to be a very promising material in this field. Probably what 
greatly has increased the interest in these materials and opened them up towards green 
chemistry, was the discovery of the capability of TiO2 to catalyze certain reactions of 
great interest not only for the scientific community but for the whole society. It has been 
proven that, under certain conditions, TiO2 is able to catalyze several redox reactions. 
For example, one of the most important and that in great part motivated this work, the 
water splitting reaction. This reaction consists on the production of H2 and O2 from 
water using UV light as the only external energy. The thermodynamics of this reaction 
shows that in normal conditions this redox reaction is non spontaneous and needs 475 
kJ/mol to occur. 
 
𝐻2𝑂 + 2ℎ
+ → 2𝐻+ +
1
2
𝑂2  𝐸𝑜𝑥
𝑜 =  −1.23𝑉 
2𝐻+ +  2𝑒− → 𝐻2  𝐸𝑟𝑒𝑑
𝑜 =  0.00𝑉 
𝐻2𝑂 → 𝐻2 +  
1
2
𝑂2 
 
The use of UV radiation opens the possibility to provide this energy from sunlight. This 
is an extremely interesting way to obtain energy since H2 is then produced in a clean 
way, without harmful effects on the environment. This makes H2 a serious candidate to 
replace fossil fuels in the near future taking advantage of the energy of the solar 
Overview 
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radiation to produce energy only using water as a reactant. However, the amount of UV 
radiation from sunlight arriving at the surface of the earth is very limited with respect to 
its spectral range, and modification of materials is needed so that their bang gap is 
reduced, shifting the radiation adsorbed by the photocatalyst to the more plentiful 
visible spectrum of light.  
Finally we note that water splitting is only a part of the full potential of photocatalysis. 
Photoactive materials such as TiO2 and ZnO also present interesting applications in 
other fields due to their unique photocatalytic properties. Some examples are the 
photocatalytic cleaning effect of TiO2 coated materials
30
and their photocatalytic anti-
bacterial properties
31
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Η̂(r , R)=T̂ ( r˙)+T̂ (R˙)+V̂ (r)+V̂ (R)+V̂ (r , R)
2.Theoretical background  
In this section we will summarize the theory behind the methodology used to carry out 
these studies. We start from the basics of quantum mechanics with the Schrödinger 
equation and how it is applied to Hartree-Fock method. We further continue with 
density functional theory (DFT), the different basis sets that can be used in these 
computational approaches and several models and techniques applied during this thesis.  
2.1 Schrödinger equation. 
The Schrödinger equation
32
 is the basis of quantum mechanics, it was developed in 
1926 by the physicist Erwin Schrödinger, this equation is one of the most important 
equations of physics and is as important as the Maxwell equations for electromagnetism 
or the equations of motion from Newton for macroscopic systems. The main aim of first 
principle calculations is to describe the electronic structure of the molecules and 
systems under study. This is where the Schrödinger equation needs to be used. For static 
systems, which are the cases studied in this work, the non-relativistic time independent 
Schrödinger equation appropriately describes the electronic structure of the system.  
The Schrödinger equation establishes that the only possible values of the energy of a 
system (En) are eigenvalues of the Hamiltonian operators H  with the eigenfunctions Ψn  
representing stationary quantum states of the system.  
𝐻 𝛹𝑛 = 𝐸𝑛𝛹𝑛  
 
Where H  includes the kinetic operator for electrons and the nuclei, and a potential for 
electrons and atoms.  
 
 
This operator, known as Hamiltonian includes; the kinetic energy for both, electrons 
and nuclei of the system, which are the first two terms respectively, the third term is the 
attractive interaction between electrons and nuclei, the fourth and fifth terms are the 
repulsive contributions to the energy as the electron-electron repulsion and the last term 
the nuclei-nuclei repulsion. The Hamiltonian takes the form.  
Theoretical background 
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𝐻 =  − 
1
2
𝑁
𝑖=1
𝛻𝑖 −  
1
2𝑚𝐴
𝑀
𝐴=1
𝛻𝐴
2 −   
𝑍𝐴
𝑟𝑖 ,𝐴
𝑀
𝐴=1
𝑁
𝑖=1
+   
1
𝑟𝑖 ,𝑗
+   
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Where MA is referred to the mass of the nucleus, ZA is the atomic number for the 
nucleus A, riA is the distance between the electron (i) and nuclei (A), rij is the distance  
between electron(i) and electron(j) and RAB is the distance between nucleus (A and B). 
∇i and ∇
2
 are the Laplacian operators that correspond to the differentiation with respect 
the position of the electron i in the first term, and with respect to the nuclei A for the 
second term. 
To solve this equation is not trivial, in fact it's impossible to find the exact solution for 
systems with more than one electron. Therefore quantum chemistry uses some 
approximations that make it possible to solve the equation with reliable results. 
2.2 Hartree-Fock method 
As was pointed in the previous section the electron-electron interaction cannot be 
described exactly for systems with more than one electron, for that reason an 
approximation needs to be used to achieve the resolution of the Schrödinger equation in 
order to get reliable results of energy and other properties. In the Hartree-Fock (HF) 
method
32
 the interaction between electrons in the Hamiltonian of the Schrödinger 
equation is treated as the potential that a single electron feels with respect to an average 
of all the other electrons in the system. It's in that way how we can get accurate results 
for systems with more than one electron.  
In the Hartree-Fock (HF) method the wavefunction that describes the system is 
represented as a combination of approximated wavefunctions Ψ =  𝜓𝑖
𝑁
𝑖=1 . The first 
attempt to construct this wavefunction was the Hartree product. Latterly, in order to 
account for Pauli principle Slater determinants were used. This form ensures that the 
wavefunction is antisymmetric as defined by Pauli’s principle for fermions. The 
assumption that the system can be described by a single Slater determinant implies the 
mean field approximation, which replaces the many-particle problem with a one-particle 
problem in an approximate field representing the rest of the electrons. In turn this leads 
to an overestimation of the electron repulsion. This approximation is the main source of 
errors of the method, since it does not take into account the so-called electronic 
correlation. The HF method is based on the variational principle, where the energy of 
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the system is minimized with respect to the orbitals. This procedure needs to be carried 
out iteratively and the solution depends on the orbitals. The final approach to solve it is 
called Self Consistent Field method (SCF). However, the energy thus obtained is always 
an upper limit to the exact energy of the system due to the lack of correlation and is 
given by: 
𝐸𝐻𝐹 = 2  ℎ𝑖𝑖 +   (2𝐽𝑖𝑗 − 𝐾𝑖𝑗 )
𝑗𝑖𝑖
 
where ,ℎ𝑖 , 𝐽𝑖𝑗  and 𝐾𝑖𝑗 are respectively, matrix elements of the one-electron Hamiltonian, 
the Coulomb terms accounting for electron repulsion  and the exchange terms which are 
a consequence of the antisymmetric principle of quantum mechanics.   
One of the main goals of quantum chemistry is to solve the problems related to the lack 
of correlation in the HF method. There are several post-HF methods that try to include 
the correlation in the calculations. The most important and well known are Moller-
Plesset (MP), the configuration interaction (CI), and coupled cluster (CC). As these 
methods are not applied in this study we will just mention them briefly.  
The first approach to improve the HF results is the Moller-Plesset method (MP) which 
solves the Schrödinger equation using a perturbation operator and not the variational 
method commented before. The configuration interaction method (CI) solves the 
problem of the electron correlation by taking into account not only one Slater 
determinant but a linear combination of different Slater determinants corresponding to 
different electronic configurations, not only the ground state. 
ΨCI = c0Ψ +  ci
a
a
i
Ψi
a +  cij
ab Ψij
ab +
ab
ij
 cijk
abc Ψijk
abc
abc
ijk
+ ⋯ 
In this method if we include in the expansion all the possible electronic configurations 
the result will be ―exact‖ for a given basis set. If this basis would be infinite then we 
would obtain the exact non relativistic result for the energy of our system. This method 
makes great improvements on the results obtained by the HF method, but the main 
drawback of the method is its computational cost which is much more expensive than 
HF. It is important to point out that this method may also lead to size-consistency 
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problems besides the mentioned computational cost when millions of configurations 
need to be included.   
The Coupled Cluster method is very similar to the CI method mentioned previously but 
solves the problem of the size consistency. In this case the method is based on an 
exponential expansion of the wave function and a non-variational methodology for 
solving the equation. The cluster operators (T) that represent the possible excitations of 
our system are similar to the results of the CI method: 
|  Ψcc  =  e
T |  ΦHF   
T =  T i
N
i
 
T 1Ψ =  ci
aΨi
a
a
i
 
T 2Ψ =   cij
ab Ψij
ab
b
i
a
i
 
… 
where the coefficients need to be found. 
2.3 Density Functional Theory  
Another different approach to the problems of solving the Schrödinger equation 
isDFT
33,34
. The origin of this theory is the statistical model established by Thomas and 
Fermi for the electron gas model
35,36
. This model expressed the energy of a system 
constituted by electrons uniformly distributed under the influence of a nuclear field as a 
function of electron density only. 
The density functional theory is an alternative to wavefunction based methods, this 
methodology although approximate, gives quite accurate results for the exchange and 
correlation energies in a more simplified way compared to post-HF methods and 
subsequently requires less computational cost.  
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The basis of the DFT method is that the energy of the ground state of a poly-electronic 
system depends on the density only. Although the energy of a system with N electrons 
depends on a wavefunction that also depends on 3N coordinates (4 including the spin), 
in DFT the energy depend on only the 3 coordinates of the electronic density, 
independently of the size of the system. This is very useful when studying large systems 
that would have a huge number of variables to treat in a HF or post-HF calculation. The 
density function could be explained as the probability to find an electron in a certain 
volume. This function has to satisfy a number of conditions such as: (i) the integral of 
the density function over the whole space should to be equal to the number of electrons 
in the system, (ii) the value of the function at an infinite distance should be equal to 
zero. In short, 
𝐸0 = 𝐸0[𝜌] 
𝜌 𝑟 =  𝑁  … | Ψ 𝑥1, 𝑥2 , …𝑥𝑛 |
2𝑑𝑥1, 𝑑𝑥2 …𝑑𝑥𝑁  
 𝜌 𝑟 𝑑𝑟 = 𝑁 
𝜌  𝑟 → ∞ = 0 
DFT was not broadly used until Hohenberg and Kohn formulated their two fundamental 
theorems which are the base of modern DFT formalisms. Its computational 
implementation was accomplished by Kohn-Sham a year later. 
 
2.3.1 Hohenberg-Kohn Theorem first theorem 
The first Hohenberg-Kohn theorem
37
 also known as existence and unicity theorem, 
establishes that the electronic density of the ground state 𝜌0 𝑟 cannot arise from two 
different external potentials 𝑉𝑒𝑥𝑡 (𝑟), except in the case that the difference between both 
is only a constant. This proves that any observable correspondent to a stationary non-
degenerate ground state (including the energy) is exactly determined by  𝜌0(𝑟) and can 
be writen as a functional of the electronic density function. For the energy one has:  
𝐸0 = 𝐸0[𝜌 𝑟 ] 
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In other words, the electron density becomes determined by the external potential 
(potential produced by the nuclei) and the inverse relation (V-representability). 
𝑉𝑒𝑥𝑡  𝑟 → 𝜌 𝑟  
Each external potential builds a different Hamiltonian with two fundamental functions 
also different.  
𝐻 = 𝐻0 + 𝑉𝑒𝑥𝑡   𝐻 Ψ = 𝐸0Ψ 
𝐻 ′ = 𝐻0 + 𝑉′𝑒𝑥𝑡   𝐻′ Ψ′ = 𝐸0′Ψ′ 
The first Hohenberg-Kohn theorem is only valid for non-degenerate ground states and 
always when 𝜌(𝑟) is N-representable and V-representable37. For thesecases 
𝐸𝑣 𝜌 = 𝑇 𝜌 +  𝑉𝑒𝑥𝑡  𝑟  𝛿𝑟 + 𝐹𝐻𝐾 𝜌  
Where 𝐸𝑣 𝜌  indicates that, for a specific external potential,𝑉𝑒𝑥𝑡  𝑟 , the energy is a 
functional of the density.  
2.3.2 Hohenberg-Kohn Theorem second theorem 
The second theorem of Hohenberg-Kohn
37
 or variational principle, says that the energy 
in a non-degenerate ground state can be obtained by the variational method and that the 
electronic density that minimizes the total energy is the exact electronic density of that 
state and therefore defines correctly the external potential.  
𝐸0 ≤ 𝐸 𝜌  
Except if we have 𝜌0 in that case we obtain the exact energy of the ground state. The 
interest is to find the electronic density functional. This functional can be divided in two 
parts, one that includes the interaction between the electronic density and the external 
potential, and another one contribution 𝐹 𝜌  
𝐸 𝜌𝑟  =  𝜌  𝑟 𝑉𝑒𝑥𝑡  𝑟 𝛿𝑟 + 𝐹 𝜌(𝑟)  
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Where 𝐹[𝜌] is a universal functional that depends on the electronic component of the 
system and includes a part corresponding to electrons 𝑇[𝜌] and another part 𝑉𝑒𝑒 [𝜌] that 
includes the Coulomb repulsion and the energies of exchange and correlation. 
𝐹 𝜌(𝑟) = 𝑇 𝜌 + 𝑉𝑒𝑒 [𝜌] 
2.3.3 Kohn-Sham method 
The last step on the development of the DFT methodology was the formalism of Kohn-
Sham
33,34
, mentioned previously. These authors pointed that in a poly-electronic system 
described by a density,𝜌 𝑟  could be substituted by another system of non interacting 
electrons with the same density 𝜌 𝑟  that can be expressed as the sum of the squares of 
the N mono-electronic spin-orbitals, known as Kohn-Sham orbitals.  
𝜌 𝑟 = 𝜌𝑘𝑠 𝑟 =  |Φ 𝑟 |
2
𝑁
𝑖=1
 
For this system of non-interacting electrons, the kinetic energy of the electrons is 
described by the following expression.  
𝑇𝑠 𝜌 =   Φ𝑖|
−1
2
 ∇2| Φ𝑖 
𝑁
𝑖=1
 
The energy of the real system can be expressed as functional of the density of the non-
interacting system, and the energy of the fundamental system 𝐸0, can be determined by 
minimizing the following expression:  
𝐸 𝜌 𝑟  = 𝑇𝑠 𝜌 𝑟  +  𝜌 𝑟 𝑉𝑒𝑥𝑡  𝑟 𝑑𝑟 +
1
2
 𝜌 𝑟 𝜌 𝑟′ 
𝑟 − 𝑟′
𝑑𝑟𝑑𝑟 ′ +  𝐸𝑥𝑐 [𝜌 𝑟 ] 
𝐸 = 𝑇𝑠 + 𝐸𝑒𝑥𝑡 + 𝐽 + 𝐸𝑒𝑥  
The first term,𝑇𝑠, corresponds to the kinetic energy of the electrons, 𝐸𝑒𝑥𝑡  refers to the 
attractive external potential within the electronic density. The third term J represents the 
Coulombic repulsion between electrons. The last term,𝐸𝑒𝑥 ,is the most hard to handle 
and represents the difference between the kinetic energy of the real system and the non-
interacting electron system. This term also includes the correlation and exchange 
contributions. This last part is not an exact functional and there are many different 
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𝐸𝑒𝑥 functionals which try to represent as accurately as they can, interactions mentioned 
which do not have an exact density dependent expression.  
𝐸𝑥𝑐 [𝜌 𝑟 ] = 𝑇 𝜌 − 𝑇𝑠 𝜌 + 𝑉𝑒𝑒  𝜌 − 𝐽 𝜌  
𝑉𝑒𝑒  𝜌 − 𝐽 𝜌  is the non classical part, and (𝑇 𝜌 − 𝑇𝑠 𝜌 )is the contribution to the 
kinetic energy that comes from the inter-electronic interactions.  
We can use Lagrange multipliers to minimize the functional, applying the restrictive 
effect of the equation commented previously. From which we obtain the total energy 
functional of Kohn-Sham. This does not depend on the electronic density directly but 
depends on a series of doubly occupiedΦi states. In order to solve the equation with spin 
polarization two different sets of states, 𝛼 and 𝛽, are needed. The group of states that 
then minimizes the Kohn-Sham functional is obtained by solving the self-consistent 
system known as the Kohn-Sham equations.  
 −
1
2
∇2 + Veff  r Φi r  = 𝜀𝑖Φ𝑖(𝑟) 
Where Veff  r  is an effective potential that can be decomposed into:  
Veff  r = Vext  r +  
𝜌(𝑟 ′)
|𝑟 − 𝑟 ′|
𝑑𝑟 ′ + Vxc  r  
Where the first part corresponds to the external potential, the second, represents the 
Coulomb interactions and the last one is the exchange-correlation term with respect to 
the electron density.  
Vxc  r =
dExc [ρ r ]
ρ(r)
 
The Hamiltonian shown before depends on Veff  r  and this, at the same time, depends 
also on the electronic density ρ r  that is obtained from the Kohn-Sham equations. This 
allows the system to be solved iteratively until the electronic density is constant and 
then can be used to find the energy of the system.  
The main disadvantage of the DFT methodology introduced previously is the fact that 
there is no universal expression for the exchange-correlation functional. It is interesting 
to point out that the Kohn-Sham equations are formally equivalent to the Hartree-Fock 
Theoretical background  
 
25 
 
equations, just changing the  Veff  r  for the HF exchange but in DFT also the correlation 
is included. It’s interesting to note that if the exact exchange-correlation functional 
would be known the DFT methodology could lead us to the exact solution of the system 
on study. But as it has been commented previously by now, the universal functional has 
yet to be found.  
2.3.4Exchange-Correlation Functionals 
The choice of an exchange-correlation functional is not trivial, probably it is one of the 
most critical choices in the computational DFT calculations. The performance of 
different functionals can be very different and lead to very different, and sometimes 
unrealistic, results. Roughly speaking, functionals can be divided into four groups: 
Local density approximation (LDA), Generalized Gradient Approximation (GGA), meta 
Generalized Gradient Approximation (meta-GGA) and Hybrid functionals.  
Local Density Approximation (LDA):  
The LDA approach was the first one used and is the most simple to be taken. It assumes 
that the exchange-correlation functional depends only on the local density ρ 
𝐸𝑥𝑐  𝜌 = 𝑓(𝜌) 
𝐸𝑥𝑐  𝜌 =  𝜌  𝑟 𝜀𝑥𝑐  𝜌 𝑟  𝑑𝑟 =  𝜌  𝑟 𝜀𝑥 𝜌 𝑟  𝑑𝑟 +  𝜌  𝑟 𝜀𝑐 𝜌 𝑟  𝑑𝑟 
𝐸𝑥𝑐
𝐿𝐷𝐴 𝜌 = 𝜀𝑥 𝜌 + 𝐸𝑐[𝜌] 
𝐸𝑥𝑐  𝜌 = −
3
4
 
3
𝜋
 
1
3 
𝜌(𝑟)(
1
3 ) 
This kind of functional gives good results for metals in which electrons present a similar 
behavior to those in the free electron gas. Indeed that is the basis of the method. 
However, LDA fails when try to one needs to describe strongly correlated materials 
such as magnetic oxides, and other semiconductors as TiO2 or ZnO. It also tends to 
overestimate the bonds. Some examples of this type of functionals are the Vosko-Wilk-
Nusair (VWN) functional
38
, or the Cole-Perdew (CP) functional
39
. 
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Generalized Gradient Approximation (GGA):  
These functionals depend on the local density and also on the gradient of the density.  
𝐸𝑥𝑐
𝐺𝐺𝐴  𝜌 𝑟  =  𝑓 𝜌 𝑟  , ∇𝜌(𝑟))𝑑𝑟 
In most of the cases this type of functional can be split in two parts. One for the 
correlation and another one for the exchange allowing different combinations of the two 
kind of functionals. An example of this is the BLYP which combines the exchange 
functional from Becke (B88)
40
 and the correlation functional from Lee, Yang and Parr 
(LYP)
41
. Some of the most common GGA functionals used are PW91
42
, PBE
43
 etc.  
Meta-Generalized Gradient Approximation (meta-GGA):  
This functional depends on the density, the gradient of the density and also the 
Laplacian of the density.  
𝐸𝑥𝑐  𝜌 = 𝑓(𝜌, ∇𝜌, ∇
2𝜌) 
This kind of functional initially appeared to have few advantages over GGA functionals 
and some of the first meta-GGA functionals even failed when they were applied to 
extended systems. However, nowadays they have been significantly improved and have 
been applied to extended systems with good results.  
Hybrid functionals:  
These functionals, as their name indicates, use a mixture of the exact exchange from the 
HF method with different exchange-correlation contributions from the above mentioned 
DFT functionals as LDA and GGA the proportion of these different contributions are 
defined by empirical parameters.  
Some examples of well-known hybrid functionals are B3LYP
38,40
,
41
 and PBE0
44
. In the 
case of B3LYP it includes three empirical parameters (α, β and c) as shown below.  
𝐸𝑥𝑐
𝐵3𝐿𝑌𝑃 = 𝛽𝐸𝑥
𝐻𝐹 𝜓𝑖 +  1 − 𝛽 𝐸𝑥
𝐿𝐷𝐴 𝜌 + 𝛼ΔEx
B88 + Ec
LDA , 𝑉𝑊𝑁 𝜌 + 𝑐Δ𝐸𝑐
𝐿𝑌𝑃[𝜌] 
In the case PBE0 functional 25% of Hartree-Fock exchange is used and the other 75% 
of exchange belongs to the GGA functional PBE and also the correlation.  
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𝐸𝑥𝑐
𝑃𝐵𝐸0 = 1 4 𝐸𝑥
𝐻𝐹 + 3 4 𝐸𝑥
𝑃𝐵𝐸 + 𝐸𝑐
𝑃𝐵𝐸  
The inclusion of the Hartree-Fock exchange can compensate the lack of localization 
presented in LDA and GGA functionals, resulting from the electron gas treatment of the 
exchange and correlation. For this reason pure GGA functionals can also fail when 
describing highly correlated systems. But the performance of the Hybrid functions can 
in some way overcome this problem.  
2.3.5 On-site Coulomb interaction: DFT+U 
In systems with electrons in the d or f orbitals are strongly correlated, these electrons are 
localized in the orbitals due to the Coulomb repulsion which increase the exchange 
effect between occupied and empty eigenstates. This large Coulombic repulsion 
between localized electrons might not be well represented by LDA or GGA functionals. 
This bad description of the strong correlated systems comes from the self-interaction 
error present in this type of functional. One option to overcome this problem is the 
introduction of a Hubbard-like potential,
45–50
it is a localized term, to the LDA or GGA 
density functional. This approach is known as DFT+U. The usual implementation of the 
method consists of separate localized d or f electrons, on which the Hubbard term will 
act. The delocalized s and p electrons are correctly described by the usual LDA/GGA 
calculation. In the calculations performed in this work where this approach has been 
applied it was used following the implementation introduced by Dudarev,
51
 where the 
spin-dependent on-site density matrix 𝜌𝜍  is used to define the DFT+U energy functional 
as follows:  
𝐸𝐷𝐹𝑇+𝑈 = 𝐸𝐷𝐹𝑇 +  
(𝑈—𝐽)
2
    𝜌𝜍
𝑚1,𝑚1
𝑚1
 −   𝜌 𝑚1,𝑚2
𝜍
𝑚1,𝑚2
𝜌 𝑚2,𝑚1
𝜍   
𝜍
 
Where 𝜍 is the orbital momentum quantum number, and 𝜌 𝑚1,𝑚2
𝜍  and 𝜌 𝑚2,𝑚1
𝜍 are the 
occupation matrices for the orbital with mi spin angular momentum, and 𝜌 𝑚1,𝑚1
𝜍  the 
total occupation matrix, respectively. U is a Hubbard parameter that measures the 
increase in energy derived from adding an electron in a particular orbital and J is a 
Stoner-like exchange parameter (usually zero).  
By using this methodology the occupied states are shifted decreasing their energy 
meanwhile it increases the energy for the unoccupied states by the same amount but 
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positive. Adding a penalty to the partially occupied orbitals forcing in this way to have 
fully occupied or fully unoccupied levels and subsequently localizing the electrons.   
It is important to point that this methodology has to be used carefully as can lead to 
artifacts or unrealistic results. For every different system, one should pay attention to 
the value of the parameter U needed to describe properly the features of the system 
without misleading results.  
2.4 Basis functions  
Basis sets 
Orbitals (one-electron wave functions) can be expressed in different ways depending on 
the kind of calculation we want to do. We typically divide wavefunctions into two 
types: body-centered wave-functions, and periodic plane-wave-based wavefunctions. 
These orbitals usually are expressed as linear combinations of more simple functions in 
order to afford the computational cost in an efficient way. There are four main types of 
basis set used in computational chemistry first three would belong to the body centered 
wave-functions and the forth one is the main option of non-body centered wave-
functions. We comment on all four below. 
-Gaussian Type Orbitals (GTOs): 
The Gaussian type functions are, as their name suggests, a kind of Gaussian shaped 
function expressed in the following form. 
𝜂𝐺𝑇𝑂 = 𝑁𝑥𝑙𝑦𝑚𝑧𝑛𝑒[−𝛼𝑟
2] 
Where N is the normalization factor, α is the exponent which makes the function more 
compact or diffuse, and l,m, n are the symbols that make correspond the Gaussian 
function with the s, p, d or f, orbitals.  
-Slater-Type Orbitals (STOs): 
These Slater-Type Orbitals
52
 are another approach similar to GTO functions. These 
functions were developed by Slater and the main difference with the GTO is that in this 
case the functions are split in a radial part and an angular part and are expressed in the 
following way. 
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𝜂𝐺𝑇𝑂 = 𝑁𝑟𝑛−1𝑒 −𝜁𝑟  𝑌𝑙𝑚 (Θ𝜑) 
 
In this expression n corresponds to the principal quantum number, the orbital exponent 
is termed 𝜁and Yml are the usual spherical harmonics that describe the angular part of the 
function. The main deficiency of this type of function is that the many-center integrals 
are a lot more difficult to compute with the STO functions than with the GTO or the 
planar waves commented below. The localized functions usually are contracted to 
reduce the computational cost of the calculation. Taking this form: 
𝜂𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑒𝑑  𝑓𝑜𝑟𝑚 =  𝑑𝑎𝜂𝑎
𝑖
𝐴
𝑎
 
Where 𝑑𝑎  corresponds to the contracting coefficients and𝜂𝑎
𝑖  are the non contracted 
wave-functions.  
-Numerical atomic orbitals (NAOs):  
Numerical atomic orbitals
53
 were recently developed with the aim to improve scalability 
of quantum mechanics calculations, in order to be able to perform calculations of larger 
systems. But they imply a non-negligible drawback which is the lack of systematics for 
energy convergence.   
NAOs have this form: 
𝜑𝑖 𝑙𝑚   𝑟 =
𝑢𝑖 𝑟 
𝑟
· 𝑌𝑚𝑙 (Ω) 
The ui(r) is a numerically tabulated function obtained by calculating the numerical 
solution of the Kohn-Sham Hamiltonian for isolated pseudoatoms. This procedure 
implies that the NAOs are fully optimized for different types of atoms and thus attempt 
to be compact as possible while maintaining the accuracy. 
𝑌𝑚𝑙 (𝛺) denotes the real parts (m = 0,...,l) and imaginary parts (m = −l,...,−1) of complex 
spherical harmonics, and l, m are implicit functions of the basis function index i. 
Apart from the usual Hamiltonian, for these types of basis set a potential term (𝑉𝑐𝑢𝑡  𝑟 ) 
in included which is an imposed potential that allow the numerical function to decrease 
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smoothly with the distance from the center of the atom. This term helps to reduce the 
computational cost of using NAOs.  
 −
1
2
𝑑2
2𝑑𝑟2
+  
𝑙 𝑙 + 1 
𝑑𝑟2
+ 𝜈𝑖 𝑟 + 𝑉𝑐𝑢𝑡  𝑟  𝑢𝑖 𝑟 = 𝜖𝑖𝑢𝑖 𝑟  
 
-Plane Wave Functions: 
This type of functionis specially designed for periodic systems because of their periodic 
boundary conditions. These basis functions are expressed in the following way. 
𝜂𝑃𝑊 = 𝑒[𝑖𝑘  𝑟 ] 
Where the vector 𝑘  is related with the momentum 𝑝 of the wave through𝑝 = ℏ𝑘   these 
plane waves as have been said before are not centered at the nuclei but extended 
throughout space, filling the entire box which is repeated in one, two, or three 
dimensions, depending on the periodicity conditions of the system studied. The shape of 
these functions is specially appropriated for extended system calculations. However, a 
large number of plane waves are needed to describe the systems in an accurate way. For 
this reason effective core potentials (also known as pseudopotentials) were developed to 
reduce the number of plane waves needed and subsequently the computational cost.  
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2.5 Core electrons and Pseudopotentials  
The use of pseudopotentials came from the high computational cost of studying systems 
with a large number of electrons. Pseudopotentials are based on the idea that internal 
electrons known as core electrons usually remain unaltered during system changes (e.g. 
optimizations and reactions). For these reasons the effect that these electrons on the 
valence electrons can be parameterized, saving a lot of computational resources with no 
little of accuracy in the results. The way in which these core electrons are parameterized 
can be quite different depending on the approach used, some examples are shown 
below. 
In this first approximation we setup the Schrödinger equation for an atom in its 
referential configuration and define the core radius Ωc. After solving the equation we 
obtain the radial wave functions, also known as Bessel functions: 
−1
1
𝑟
𝑑2
𝑑𝑟2
 𝑟𝜓𝑛𝑙  𝑟  +
𝑙 𝑙 + 1 
𝑟2
𝜓𝑛𝑙  𝑟 + 𝑉𝑠𝑐𝜓𝑛𝑙  𝑟 = 𝜀𝑛𝑙𝜓𝑛𝑙  𝑟  
Inside the previously defined core radius Ωc these wavefunctions are substituted by 
pseudowavefunctions 𝜓 𝑛𝑙 . The application of pseudopotentials ensures that 𝜓𝑛𝑙  must be 
equal to 𝜓 𝑛𝑙 , outside the core radius. These pseudowavefunctions include relativistic 
effects that are very important in the most internal electrons due to their high kinetic 
energy and also these pseudofunctions donot show any nodes. Below we briefly 
comment the most important kinds of pseudopotential.  
2.5.1 Norm-conserving 
These pseudopotentials were the first created, and were developed by Hamann in 
1979,
54
these potentials obeyed the following constraints: 
- The partial wavefunctions including all electrons and the pseudofunctions for a 
determined atom must coincide beyond the core radius. 
- The eigenvalues and the first logarithmic derivate of the all electrons wavefunction 
and the pseudofunction must coincide. 
- The norm must be conserved when we integrate the same charge of the all-electron 
wavefunction in the pseudofunction.  
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4𝜋  𝜓𝑛𝑙  𝑟 
2𝑟2𝑑𝑟 = 
Ωc
0
 𝜓 𝑛𝑙  𝑟 
2𝑟2𝑑𝑟
Ωc
0
 
These kinds of potentials usually work well with most of the elements but fall in to 
trouble when the element has strongly localized valence orbitals. 
2.5.2 Ultra-soft 
These ultra-soft potentials were first reported out in the 1990s to overcome the 
deficiencies that norm-conservant potentials had. In this kind of potential the condition 
of conserving the norm is no longer used. For this reason the pseudofunctions are not 
normalized and subsequently the electronic density is not complete and a charge 
increaser operator is needed to balance the effect on the valence functions. These 
pseudopotentials, compared with the norm-conserving potentials, reduce the number of 
basis functions which lead to a significantly lower computational cost.  
2.5.3 Projector-augmented-wave 
The projector-augmented-wave (PAW) method was developed by Blöch in 1994,
55
 the 
PAW allows to introduce the advantages from the pseudopotentials with an accurate 
description of the core electrons, giving similar results as the all-electrons calculations. 
In general wavefunctions tend to be smooth in the bonding regions far from the nuclei 
but at shorter distances they change abruptly due to the huge electron-nuclei potential. 
For these reasons the PAW approximation splits the wavefunctions into two zones, one 
for the bonding zone and another for the core region.  
The bonding region is described with expanded planar waves or similar base functions. 
The core section is represented by spherical partial wave functions centered in the atoms 
forcing both functions to have the same value and first derivative in the edge zone.  
This method applies a lineal transformation T which connects the all-electron 
wavefunction 𝜓 with the 𝜓  pseudowavefunction in the following form.  
𝑇 = 1 +  𝑇 𝑅
𝑅
 
In this way 𝑇 𝑅only acts on the regions below the core radius of each atom, this 
transformation affects both the wavefunction and its properties.  
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When r < Core radius 
  𝜓 = 1 + 𝑇 𝑅   𝜓     
When r > Core radius  
  𝜓 =   𝜓     
Inside the core radius region the pseudowavefunction is described as a linear 
combination of partial wavefuncions, usually planar waves.  
  𝜓  =    𝜙 𝑖 · 𝑐𝑖  
𝑖
 
   𝜓 =  𝑇 𝜓             𝜙𝑖 =  𝑇 𝜙 𝑖     
  𝜓 =  𝑇 𝜓    =    𝜙 𝑖 · 𝑐𝑖  
𝑖
 
Where the sub index i refers to the atomic position and also the quantum numbers n, m 
and l. 
The coefficients used in that linear combination can be expressed as products between 
the pseudowavefunctions and the projection functions.  
𝑐𝑖 =  𝑝 𝑖 𝜓   
These projection functions must obey:  
   𝜙 𝑖   
𝑖
  𝑝 𝑖  = 1 
That means that both groups of functions are orthogonal  
 𝑝 𝑖 𝜙 𝑗  = 𝛿𝑖𝑗  
Then the linear transformation can be expressed as:  
𝑇 = 1 +  (
𝑖
  𝜙𝑖   −   𝜙 𝑖   )   𝑝 𝑖   
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and the all-electron wavefunctions can be described as a function of the 
pseudowavefunctions: 
  𝜓 =   𝜓   +  (
𝑖
  𝜙𝑖   −   𝜙 𝑖   )   𝑝 𝑖   𝜓   
𝐴 = 𝐴 +    𝑝 𝑖   
𝑖 ,𝑗
( 𝜙𝑖  𝐴 𝜙𝑗  −  𝜙 𝑖  𝐴 𝜙 𝑗  )   𝑝 𝑖   
To obtain a physical magnitude, A, from the ground state implies the use of the 
wavefunction.  
This methodology requires less computational resources due to the lower number of 
plane waves needed. This pseudopotential method is also the most similar to an all-
electron calculation. This method has been used in all the calculations where was not 
possible to perform an all electron calculation.  
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2.6 Structural models for extended systems: The periodic model 
2.6.1 Periodic models 
In order to study large systems where their properties are intrinsically related with their 
periodic structure, there is a computational methodology that allows us to take into 
account the periodicity of the system in order to describe accurately all their properties. 
This methodology is known as the periodic model. Some examples where this 
methodology is extremely useful is for studying systems like bulk structures, which 
present 3D periodicity, surfaces with 2D periodicity and nanotubes or nanowires where 
the periodicity is only in one dimension. 
The periodic model is the based on taking advantage of the use of the periodicity of 
crystalline systems to save computational cost and also to describe the properties that 
inherently result from periodic symmetry.  
The periodicity is understood as the ordered distribution of atoms in a certain way along 
1, 2, or 3 dimensions, depending on the system. For understanding and working with 
periodicity is necessary to understand first the concept of the Bravais lattice. The 
Bravais lattice is an infinite array of discrete points with an arrangement and orientation 
that looks exactly the same, independently from which point of the array is viewed. For 
example a 3-dimensional Bravais lattice consists of a set of points that can be expressed 
in the following form.  
𝑅 = 𝑛1𝒂𝟏 + 𝑛2𝒂𝟐 + 𝑛3𝒂𝟑 
Where a1,a2 and a3 represent the three vectors of the ―box/lattice‖ which include the 
motive repeated in the three dimensions, this box is called unitary cell, and n1, n2, and n3 
are integer numbers that make possible to represent any point R of the periodic structure 
as a combination of the three vectors ai. Each point can be reached by moving ni times a 
length of ai in the direction of the vector ai. 
To define where the atoms are located inside the lattice, one simple way is to use the 
atomic fractional coordinates. It can be expressed in the following way.  
 𝑋𝑖𝒂𝒊
3
𝑖=1
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Where 𝑋𝑖  is a number between 0 and 1 that define the relative position of the atom in a 
certain direction referred to𝒂𝒊that is a certain vector of the unit cell. 
 From a three dimensional periodicity there are only 14 different possible lattices, which 
are defined by the a, b, c which are the length of the thee vectors, and the angles α, β, γ 
as is shown Fig. 4.  
This motif repeated through all the lattice is 
known as the primitive cell, or unit cell. This cell 
is not unique, some different versions of that cell 
can be chosen for the same Bravais lattice, but 
usually the most common is the Wigner-Seitz 
cell, which is the simplest or smallest cell that 
contains all symmetry operations applicable to the 
lattice. 
One of the most interesting aspects of the periodic model is the use of the reciprocal 
space, also known as k-space. The reciprocal space allows performing analytic studies 
of infinite periodic systems by the construction of a reciprocal lattice of the Bravais 
lattice. In reciprocal space we have a set of vectors K that yield plane waves with the 
periodicity conditions from the Bravais lattice in the direct space. K belongs to the 
reciprocal lattice of Bravais lattice if point R, provides that relation 
𝑒𝑖𝐾·(𝑟+𝑅) = 𝑒𝑖𝐾·𝑟  
The reciprocal lattice is the set of vectors K that satisfy the following condition. 
𝑒𝑖𝐾·𝑅 = 1 
The reciprocal lattice can be generated by the 3 primitive vectors of the real space 
Bravais lattice in the following way. 
 𝑏1 = 2𝜋
𝑎2×𝑎3
𝑎1·(𝑎2×𝑎3)
 𝑏2 = 2𝜋
𝑎1×𝑎3
𝑎1·(𝑎2×𝑎3)
 𝑏3 = 2𝜋
𝑎2×𝑎1
𝑎1·(𝑎2×𝑎3)
 
This set of vectors is equivalent to the vectors a1, a2, a3 in direct space and the 
equivalent of the Wigner-Seitz cell in reciprocal space is known as the first Brillouin 
Zone.  
 
Figure 4: Example of lattice cell 
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2.6.2 Bloch theorem 
The Bloch theorem
56
is also crucial in the periodic model formalism. This theorem says 
that in a periodic system each electronic wavefunction can be expressed as a product of 
two functions, one with the periodicity of the cell and a planar wave.  
Ψi r = e
ikr υi(r) 
The first part of the previous equation is the planar-wave with wave vector k, υ(r) is the 
periodic function that can be expanded as a linear combination of plane waves, but with 
wave vectors G that are reciprocal to the vectors in the direct space as is shown below. 
υi(r) =  ci,G e
iGr
G
 
𝐺𝑎𝑖 = 2𝜋𝑚 
Ψi r =  ci,k+G
G
ei k+G r  
This theorem states that the values of all observables at a certain position of a lattice 
will be the same for equivalent positions of the system. This allows us to consider only 
the first Brillouin zone in order to reproduce the properties of the entire lattice.  
Combining both equations shown above, we can represent the wavefunctions of the real 
system as a combination of the plane-waves from the reciprocal space. Every plane-
wave is characterized by a kinetic energy |k+G|² h²/2m. Due to this we can increase the 
basis of plane-waves defining a limit for its kinetic energy, obtaining in that way a finite 
set of basis functions.  
As it has been mentioned these methodologies are extremely useful when the properties 
we want to evaluate are closely related with the periodicity of the system, as could be 
most of the electronic properties like for example the density of states or the band gap. 
Also one of the most interesting characteristics of this methodology is the reduction of 
the computational cost due to the reciprocal space which allows us to use a small cell 
and a certain number of plane-waves to describe correctly the systems with infinite 
number of electrons. Another example is the calculations for large nanoparticles with 
extended exposed periodic surfaces. In this case one can study the reactivity of the 
different surfaces using this methodology, by applying the slab model where a certain 
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vacuum is added to the cell in order to avoid periodic interactions in the direction 
perpendicular to the surface that we want to study. Another methodology that take 
advantage of the reduction of computational cost of this method consists in performing 
calculations of 0D systems like clusters and nanoparticles from a periodic point of view. 
In this way we study the nanoparticle inside a large cell with enough vacuum to ensure 
no interaction with its periodic replicas. This methodology takes some advantages from 
the periodic formulation to save computational cost. The periodicity can be used in 
favor to study macrostructures as nanocables or zeolites etc. In our case, taking into 
account the system studied, this methodology is the one used to study the bulk and 
surfaces of ZnO and TiO2.  
2.6.3 Top down and bottom up approaches 
In order to describe accurately some of the properties of ZnO and TiO2, a large number 
of different types of systems need to be studied. In the work presented in this thesis we 
have performed studies on different types of TiO2 and ZnO systems going from small 
clusters with a few atoms to large nanoparticles with more than 1000 atoms, apart also 
from the periodic systems like bulks and extended surfaces. For the extended systems 
the periodic model explained in the previous section has been used; but in the case of 
smaller clusters and larger nanoparticles different methodologies are needed in order to 
obtain reliable results.  
To study the smaller systems like the nanoclusters, we need to take into account the 
large amount of different isomers possible and that most of them present relatively 
similar energetic stability. To explore the shape of these clusters we have used a bottom 
up approach. This approach consists on a systematic study of the most stable isomers 
for a certain size by applying a global optimization technique combined with data 
mining. The global optimization methodology allows us to explore the potential energy 
surface of small clusters in an efficient way. We note that a study of all possible 
structures after a certain nanocluster size is not possible since the number of different 
possible isomer configurations increases exponentially with the number of atoms of the 
system. This scaling makes it almost impossible to perform a complete study of all the 
possible structures when the system is larger than ~25 atoms. For this reason the global 
optimization algorithms are the unique opportunity to perform a search of the most 
stable isomers.  
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The global optimization methodology used in this work is based on the basin hopping 
algorithm.
57
 This algorithm works as follows:  
The first step consists in 
provides an initial cluster 
geometry of certain size, this 
structure is evaluated and if 
accomplishes the conditions 
imposed (number of structures 
obtained, or other criteria) in 
the algorithm it stops, if not, it 
continues to the next step 
which consists in to modify the 
position of the atoms in the 
cluster in a random way, 
moving them or interchanging 
their positions. The next step 
consists in an optimization of 
the position of the atoms by 
using interatomic potentials or 
ab initio methods. The energy 
of the optimized structure is 
checked in the next step and 
saved if accomplishes one of 
the two conditions. The first 
one is if the energy of the 
structure is lower than the 
energy for the previous one. If 
the structure obtained does not 
fulfill the condition is rejected 
goes to the second filter. The energy difference between the structure and the previous 
one is introduced in a normalized Boltzman distribution generating a number between 
zero and one. If the number calculated by the Boltzman distribution is higher than a 
number randomly generated the structure is also accepted and saved, otherwise if is 
 
Figure 5: Basin Hopping algorithm diagram 
Cluster structural 
perturbation 
ΔE < 0 
Optimization  
(MM or QM) 
Finished? 
N
o 
Yes 
No 
Save 
structure 
Yes 
Exit 
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structure 
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No 
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Theoretical background 
40 
 
rejected the structure goes to the first steep as a new starting point for the cycle. What 
we do by applying this methodology is to explore the potential energy surface of the 
different isomers for a certain size and selecting the most suitable candidates to be the 
ground state structure for this size. Combining this technique with data mining we have 
performed an systematic study of the small sized clusters of TiO2 and ZnO.  
In the case of larger nanoparticles with hundreds of atoms also studied in this thesis; this 
bottom up methodology fails as it is not possible to study a significantly large part of 
the potential energy surface to have reliable results. For this reason a different approach 
was used for these larger systems; the top down approach. This methodology is based in 
the fact that while small clusters can have very diverse isomers, with different shapes, 
but similar stability. The larger nanoparticles tend to become bulk-like as their size 
increases, showing bond distances and coordination almost equal to the ones presented 
in the bulk material. Taking this into account, we follow the premise developed by 
Gibbs who enounced that a crystal (or nanoparticle in our case) will present a shape 
having the minimal surface free energy. Based on this, Wulff
58
 developed a model in 
order to build nanoparticles with the shape that accomplish the Gibbs condition.  
The Wulff construction takes the information of the bulk material, its most stable 
surfaces and their surface energies in order to construct the nanoparticle that exposes a 
larger surface area of the most stable surface and smaller surface areas of the subsequent 
less stable surfaces. This methodology will lead to nanoparticles that maintain a certain 
ratio between the most stable surfaces and subsequently maintaining the shape 
independently of the size of the nanoparticle. This methodology minimizes the free 
energy of the system surfaces, providing rational and stable shapes for these larger 
nanoparticles. This methodology is very useful for modeling very large nanoparticles 
with properties expected to be closer to the bulk ones than to small molecules of the 
same system. In our case this methodology has been used to model the large 
nanoparticles of Anatase TiO2, wurtzite ZnO and Body Centered Tetragonal (BCT) 
ZnO presented in the results chapter. 
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2.7 Ab initio thermodynamics 
A great part of the experiments regarding surface science, catalysis and photocatalysis 
are performed at low temperature and ultra-low pressures. For this reason the results 
obtained by the static ab initio calculations that are performed at zero Kelvin and 
vacuum conditions, are easily comparable with the experimental results and very 
reliable. Nevertheless, in some cases depending on the experimental conditions, or the 
work conditions desired for the material, the effect of pressure, composition, and 
temperature not only cannot be neglected but they have a great effect on the energetic 
stability of different systems. As a consequence sometimes this effect need be taken into 
account after the ab initio calculations are performed, using the results obtained from 
the static ab initio calculation and applying ab initio thermodynamics in order to obtain 
accurate result for specific systems. Also these kind of calculations are needed to 
compare the stability of different surfaces from different systems presenting different 
compositions.  
One way to be able to do this is by applying ab initio thermodynamics method. This 
methodology was presented by Scheffler and Reuter
59
 in order to relate the surface 
stability with the effects of temperature and pressure for different surfaces from 
different metal oxides. This is done by calculating the Gibbs free energy of the different 
systems. In our cases it is applied to the stability of different surfaces with different 
coverages. We define the Gibbs adsorption energy per surface area 𝛾𝑐𝑜𝑣𝑒𝑟  for different 
coverages (N) as function of pressure (p) and temperature (T). The 𝛾𝑐𝑜𝑣𝑒𝑟  can be 
calculated as the sum of the surface free energy for the clean surface (𝛾𝑐𝑙𝑒𝑎𝑛 ) plus the 
Gibbs free energy related to the atoms adsorbed (𝛾𝑎𝑑𝑠 ), both normalized per surface 
area. The equation is represented as follows. 
𝛾𝑐𝑜𝑣𝑒𝑟  𝑇, 𝑝, 𝑁 = 𝛾𝑐𝑙𝑒𝑎𝑛  𝑇, 𝑝 + 𝛾𝑎𝑑𝑠  𝑇, 𝑝, 𝑁  
The expression of the Gibbs free energy for a clean surface is defined as:  
𝛾𝑐𝑙𝑒𝑎𝑛  𝑇, 𝑝 =
1
𝐴
[𝐺𝑠𝑙𝑎𝑏 −  𝑁𝑎𝜇𝑎 𝑇, 𝑝 − 𝑁𝑏𝜇𝑏(𝑇, 𝑝)] 
Where 𝐺𝑠𝑙𝑎𝑏 corresponds to the Gibbs free energy of the surface, 𝜇𝑎  and 𝜇𝑏correspond 
to the chemical potential of the atoms forming the surface, normally obtained from their 
bulk reference. 𝑁𝑎  and 𝑁𝑏  are the number of atoms of each kind that form the surface.  
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The adsorption Gibbs free energy (𝛾𝑎𝑑𝑠  𝑇, 𝑝, 𝑁 ) can be estimated as follows 
𝛾𝑎𝑑𝑠  𝑇, 𝑝, 𝑁𝑚𝑜𝑙𝑒𝑐  =
1
𝐴
[𝐺𝑐𝑜𝑣𝑒𝑟  𝑇, 𝑝, 𝑁𝑚𝑜𝑙𝑒𝑐  −  𝐺
𝑠𝑙𝑎𝑏  𝑇, 𝑝 −  Gmolec (𝑇, 𝑝)]  
Where 𝐺𝑐𝑜𝑣𝑒𝑟  𝑇, 𝑝, 𝑁𝑚𝑜𝑙𝑒𝑐   is the Gibbs energy of the surface with the atoms adsorbed 
at a certain T and p, containing 𝑁𝑚𝑜𝑙𝑒𝑐  number of atoms or molecules adsorbed, 
Gatom (T, p)is the Gibbs energy of the molecule at T and p. 𝐺
𝑐𝑜𝑣𝑒𝑟  𝑇, 𝑝, 𝑁𝑚𝑜𝑙𝑒𝑐   and 
𝐺𝑠𝑙𝑎𝑏  T, p  can be obtained from the ab initio calculation. From the covered and clean 
slabs since:  
𝐺𝑐𝑜𝑣𝑒𝑟  𝑇, 𝑝, 𝑁𝑚𝑜𝑙𝑒𝑐  = (𝐸
𝑐𝑜𝑣𝑒𝑟 − 𝑇𝑆𝑐𝑜𝑣𝑒𝑟 + 𝑝𝑉) 
𝐺𝑠𝑙𝑎𝑏  T, p = (Eslab − TSslab + pV) 
Where 𝐸𝑐𝑜𝑣𝑒𝑟  and Eslab are the total energy of the covered and clean surfaces obtained 
from the ab initio calculation (𝐸𝑡𝑜𝑡𝑎𝑙 ) plus the zero point vibrational energy. 𝑆𝑐𝑜𝑣𝑒𝑟  and 
𝑆𝑠𝑙𝑎𝑏  are the entropic contributions and pV is the pressure-volume term. In the case of 
solid state, the entropic terms and the pV term can be usually neglected, this is due to 
the order of magnitude of this term is considerably smaller compared with the 𝐸𝑐𝑜𝑣𝑒𝑟  
and Eslab . This reduces also the computational cost. For example the pV term and S 
terms usually are of the order of several meV which is much smaller than the total 
energy of most bulk and surface obtained from the computational calculation. Therefore 
the Gibbs free energy of the clean and covered surface can be expressed as their total 
energies 𝐸𝑐𝑜𝑣𝑒𝑟 and Eslab . In the case of the molecules adsorbed, the pV and S terms 
cannot be neglected as they are of the same order of magnitude as the total energy. 
When we consider all the equations and approximations shown previously, the 
expression of the surface free energy (𝛾𝑎𝑑𝑠 ) can be expressed in the following way.  
𝛾𝑎𝑑𝑠  𝑇, 𝑝, 𝑁𝑚𝑜𝑙𝑒𝑐  =
1
𝐴
 [𝐸𝑐𝑜𝑣𝑒𝑟 −  𝐸𝑠𝑙𝑎𝑏 −  𝑁𝑚𝑜𝑙𝑒𝑐  
𝐸𝑚𝑜𝑙𝑒𝑐
2
+
𝐸𝑚𝑜𝑙𝑒𝑐
𝑍𝑃𝐸
2
+ ∆𝜇𝑚𝑜𝑙𝑒𝑐 + 𝑘𝐵𝑇 · 𝑙𝑛
𝑝
𝑝0
   
Emolec  and Emolec
ZPE  are divided by 2 in the case of a diatomic molecule that is adsorbed 
as individual atoms like for example an Hydrogen molecule. kB is the Boltzmann 
constant, p is the working pressure and ∆μ
molec
 is the chemical potential of the 
molecule calculated as follows.  
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∆𝜇𝑚𝑜𝑙𝑒𝑐 =  −
1
2
𝑘𝐵𝑇 · 𝑙𝑛𝑄𝑡𝑜𝑡𝑎𝑙  
Where Qtotal  is the sum of the electronic, rotational, translational and vibrational 
partition functions of the gas phase molecule.  
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3.1.1 Studies for bulk TiO2 
 
Motivated by the work done in the field mentioned in previous sections, we started our research 
in this area by focusing the problem on finding a suitable computational models able to describe 
the most important and crucial properties of TiO2 in an accurate and reliable way. In particular 
we sought models able to describe the crystal structure, geometrical features, energetic stability 
and, what is probably the most complex part, the electronic structure and band gap which are 
directly related with the photocatalytic reactivity of TiO2. Finding suitable models is a crucial 
issue and allows us not only to describe properly the bulk properties but also to perform reliable 
calculations for surfaces and nanoparticles, small clusters, and each for various polymorphs. In 
our studies we have performed calculations on three different TiO2 polymorphs: anatase, rutile 
and brookite. 
 
In the first work presented in this thesis we studied the atomic and electronic structure of clean 
and fluorine-doped (F-doped) rutile, anatase, and brookite polymorphs of TiO2.In a first step, 
we present a methodological analysis of the performance of several density functional schemes 
(GGA, GGA+U, and hybrid functionals) with respect to reproducing experimental structures, 
cell parameters, and band gap for rutile and anatase. It is important to remark that the study of 
the performance of the different functionals is crucial for this type of systems, since its well 
know that GGA functionals tend to underestimate the band gap of oxides and semiconductors 
while hybrid functionals often tend to overestimate it.
60,61
 For a reliable DFT-based description 
of the electronic structure we need to carefully study the performance of different functionals. 
Later on, and taking into account the results obtained in the first part of the work, we have 
studied the effects that doping TiO2 polymorphs with fluorine has on the electronic structure of 
the bulk. We especially focused on how fluorine affects the band gap, as it is a determining 
feature related with the absorption of light by the material. 
 
Beyond assessing previously reported functionals we also looked into adapting these functionals 
in order to accurately and simultaneously describe the geometry, stability and electronic 
structure of TiO2. To this end we modified the amount of Fock exchange included in the hybrid 
functional PBE0 to improve its description of TiO2, not only the band gap but the energetics and 
structural parameters too. We carefully analysed the performance of this modified hybrid 
functional for the considered TiO2 systems. This study is reported in the second article 
presented in this chapter.  
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With this modified PBE0 functional tested and validated for anatase and rutile TiO2 
polymorphs, and taking into account the results obtained in the previous work, we decided to 
study the effect of the internal parameters of the HSE06 and PBE0 functionals on the 
description of the band gap of some other metal oxides apart from TiO2. This work has been 
carried out with the aim to find a range of values for these parameters, that allow one to describe 
properly different types of metal oxides and other systems with similar features. This research 
was also motivated by the lack of accuracy on the electronic structure description provided by 
the most extended LDA and GGA DFT functionals. The methodology and results obtained from 
this research are shown below. 
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Overview 
The aim of the work presented in this chapter was to find a computational model able to 
describe the energetic and electronic features of the most stable polymorphs of TiO2 in 
order to elucidate the key role they play to the photocatalytic activity of this material.  
The first work presented shows a systematic study of the performance of different DFT 
functionals in the description of TiO2. We find in all cases that all functionals (GGA, 
GGA+U and hybrid functionals) described quite well the structural features (e.g. cell 
parameters). The GGA functionals provide a good description of the energetics and 
geometric features but underestimating the band gap of the material. The DFT+U, 
setting a U = 6 eV for both Ti(3d) and O(2p), improved the description of the electronic 
structure with an affordable computational cost. The hybrid functionals tested (PBE0, 
B3LYP and HSE06) give a better description of the electronic structure than GGA but 
slightly overestimate the band gap for TiO2 polymorphs and have a considerably larger 
computational cost. The same trends regarding the description of the electronic structure 
was found when studying the electronic states derived from the fluorine doping of TiO2.  
Motivated by these results we decided to study more deeply the performance of 
modified hybrid functionals with respect to the description of the electronic structure of 
TiO2. In this work, different amounts of Fock exchange have been tested. We found that 
the band gap value is almost linearly dependent on the percentage of Fock exchange 
used in the functional. These results allowed us to find the amount of Fock exchange 
needed to have an accurate description of the electronic structure features of our bulk 
anatase and rutile. With a 12.5% of Fock exchange in the PBE0 functional we were able 
to reproduce the experimental results previously reported in the literature.  
With the finding of this direct relation between the band gap and the amount of Fock 
exchange used in a hybrid functional for Anatase and Rutile. Extending this idea, we 
decided to study the HSE functional in a similar way, while also analysing the effect of 
the screening parameter, for the description of the electronic structure of other metal 
oxides: ZrO2,CuO2, ZnO, MgO, SnO2, and SrTiO3. As for our previous study, in each 
case the band gap value increases with the amount of Fock exchange included in the 
functional. On the other hand the screening parameter value works in the opposite way, 
leading to a reduction of the band gap as the screening parameter increases. We could 
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not find a unique combination for the Fock exchange and screening parameter that led 
to an accurate description of all semiconductors at same time. This work shows that by 
modifying these two parameters, one can reach an accurate level of description of the 
band gap and electronic properties of a range of metal oxides separately. These first 
results form the basis of the methodology used in the work presented in the forthcoming 
chapters of the thesis. 
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3.1.2. Effect of Fluorine in the electronic structure of bulk and surfaces of TiO2: 
relevance to photocatalytic activity. 
In recent years several experimental studies showed that doping TiO2 with certain atom 
types could lead to more active photocatalysts.
62–66
 This effect is due to the appearance 
of electronic states that reduce the band gap of the material shifting of the wavelength 
absorbed by the photocatalysist and subsequently increasing its efficiency. In addition, 
it was recently discovered that the use of compounds containing fluorine (as fluorhidric 
acid or fluoroacetic acid) during the synthesis of the TiO2 nanoparticles led to a change 
in their morphology. This change represents an increase of the (001) surface area 
exposed by the nanoparticles against a reduction of the (101) surface area, which is 
known to be the most stable. This is a very interesting achievement since the (001) 
surface has been proved to present more activity in the photocatalytic processes.
67
 
Motivated by these experimental discoveries, and with the computational methodology 
validated in previous works with the pure TiO2 bulk systems, we decided to study the 
interaction of fluorine atoms and fluorhidric acid with TiO2.  
We performed three studies presented in this chapter. The first one consists of the study 
of the diffusion of fluorine atoms through the lattice of the different TiO2 polymorphs: 
rutile, anatase and brookite. We analysed the energetic profile of pathways with 
different directions, with special interest in the directions perpendicular to the most 
stable and most reactive (101) and (001) surfaces, respectively. This study was aimed at 
elucidating how insertion of fluorine in the bulk structure of TiO2 procedes.  
The second work presented in this block regards the order of stability of the anatase 
(101) and (001) surfaces. The (101) surface has been shown to be the most stable 
surface for anatase TiO2, followed by the (001) surface which seem to present different 
electronic properties which has been related to its high photocatalytic activity. We thus 
performed a systematic study of the energetic stabilities of the two surfaces in the 
presence of fluorine and how this affects the electronic structure of the bare surfaces. To 
reach to a more realistic description of the effect of the fluorine adsorption on the 
energetic stability of both surfaces, ab-initio thermodynamic models were used. 
Specifically, this work was aimed at understanding the different (101)/(001) ratios 
presented by TiO2 nanoparticles when fluorine is involved in the synthesis process.  
 Effect of Fluorine in the electronic structure of bulk and surfaces of TiO2: 
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Continuing with the effect of fluorine on the stability of(001) surfaces we focused 
another problem. The synthesis of TiO2 nanoparticles with abundant (001) surfaces 
often involves hydrothermal processes with hydrofluoric acid (HF) as a fluorine source. 
The presence of fluorine has been shown to increase the surface free energy of the most 
stable (101) facet and decrease the surface free energy of the initially less stable (001) 
as it has been explained in the previous article.
68
 The problem with the use of HF is its 
high toxicity, high reactivity and corrosive behavior. Motivated by the experimental 
results by the group of Caballero et al. were prove that  trifluoroacetic acid (TFAA) is 
also efficient in obtaining TiO2 with a large amount of (001) surfaces.
69
 We decided to 
perform a theoretical study of the adsorption properties of the trifluoroacetic acid on the 
(001) and (101) surfaces to better understand of the role of this molecule on the stability 
and electronic structure of these surfaces.  
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Overview:  
From these works we can extract several conclusions. Firstly the diffusion of fluorine 
along each direction of the TiO2 structures exhibits particular features with different 
energy barriers. This behavior is determined by the size of the channels between the 
TiO2 octahedral units in each crystal and on the capability of the structure to relax. In 
the case of the [001] direction of the anatase polymorph the diffusion process is 
thermodynamically barrierless and thermodynamically favorable. On the other hand the 
diffusion of F atoms through the brookite channels proved to be unfavorable both 
thermodynamically and kinetically. For rutile two options can be found. Through the 
[110] direction, the F diffusion presents a very small barrier, but on the other hand the 
stability of the doped system is much higher than the separated systems. This indicates 
to that although fluorine could go through the channels in the [110] direction, it 
probably will not enter in the rutile structure. To these conclusions we must add the fact 
that the size of the channel is not a clear indicator of the viability of the F-diffusion and 
that the flexibility of the crystal of the TiO2 polymorph is much more determining. It is 
also interesting to point out that the process to incorporate the fluorine requires one 
order of magnitude less energy than that needed to overcome the diffusion barrier which 
indicates that the incorporation seems not to be the determining step of the process.  
Moving now to the conclusions obtained from the study of the fluorine adsorption on 
the (101) and (001) surfaces we highlight that for both surfaces the adsorption process 
of F is exothermic and leads to an oxidation of the substrate. The analysis of the spin 
density reveals that, in all cases, there is a charge transfer to the F atoms from the 
nearby O atoms. This results in the appearance of new features in the density of states 
which are located in the band gap of the surface. This effect can may contribute to the 
higher activity of the nanoparticles synthesized in presence of fluorine due to the 
reduction of the band gap, and the resulting shifting the wavelength of light absorbed by 
the material. In terms of energetic stability the fluorine-titania interaction is stronger for 
the most reactive (001) surface, as it was expected. However, the difference between the 
fluorine interaction strength with both surfaces is not enough to explain the different 
ratios of both type of surfaces when fluorine is present. By applying the ab initio 
thermodynamic formalism we observed that as expected the (101) clean surface 
presents a higher stability than the (001) surface. But this stability order turns around 
Adsorption properties of trifluoroacetic acid on anatase (101) and (001) surfaces: a density 
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when a certain fluorine coverage is reached. From this point until full coverage the 
stability of the (001) surface increases and meanwhile decreases for the (101) surface, 
confirming the experimental results that motivated the study. 
Following the same line, the study of the adsorption of TFAA on the two different TiO2 
surfaces highlighted that the TFAA is adsorbed on the (101) surface with almost no 
distortion from the equilibrium gas phase geometry and presents a very low adsorption 
energy. However, the interaction of TFAA with the (001) surface is much stronger and 
dissociative. This lead to the TFAA molecule being strongly adsorbed to the surface by 
a bridge configuration plus a proton that is captured by one of the nearest oxygen atoms 
that is pulled away from the surface. These results can explain the strong stabilization of 
the (001) surface that can be achieved by using of TFAA in the synthesis. This is 
explained by the big difference between the adsorption energy observed for both 
surfaces. Therefore, when the (001) surface is exposed to TFAA during the synthesis It 
is rapidly covered by the TFAA molecules. This inhibits the growth of the nanoparticle 
in that direction assisting the exposure of a higher area of the (001) surface.  
From all these works we can conclude that the interaction of fluorine with TiO2 systems 
can be very useful to tune their electronic properties and increase their efficiency. This 
can be related to the different effects mentioned before: the ease of F atoms to go 
through the crystalline structure, the charge transfer effect that occur when F is adsorbed 
on the surface and the subsequent reduction of the material. And last but not least the 
effect on the growth control; due to the unique capacity of F species to increase the 
proportion of a more reactive surface during the process of nanoparticles synthesis.  
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3.1.3 Results for TiO2 clusters and nanoparticles 
All the work previously presented in this thesis has involved ab initio periodic 
calculations and was focused on the description of the geometry stability and electronic 
properties of TiO2 bulk or surfaces and their interactions with doping atoms. In all these 
extended systems the periodic modeling has proved to be solid and reliable. In industry 
and especially for photocatalysis purposes TiO2 is mainly used in form of nanoparticles 
with properties not always directly relatable to the ones shown by the extended periodic 
systems. This fact is due to the small size of the nanoclusters and nanoparticles that 
introduce new surface defects and enhance quantum confinement effects.  
Nanostructuring can also lead to different morphologies that can potentially increase the 
photocatalytic activity of the material as have been commented in previous sections. For 
these reasons the study of the nanometric TiO2 systems is of great importance therefore 
the results obtained may be different from the ones obtained for the extended systems 
and also can more easily be correlated with the experimental results obtained from the 
industrial TiO2 powders. This fact motivated several theoretical studies carried out 
during the latter years of the thesis for non-periodic systems covering the range from a 
few atoms (that we will call nanoclusters) to over one thousand atoms (nanoparticles).  
In this thesis the results will be exposed and ordered starting from the smaller 
nanoclusters to the larger nanoparticles. For both cases the methodology used to predict 
and model the geometries will be introduced below.  
The first paper shows the study of the ground states and excited states of small 
TiO2nanoclusters and small nanoparticles constructed following the Wulff 
methodology. As mentioned above this method consists in modeling the nanoparticles 
by taking into account stability of the different surfaces to create a nanoparticle with the 
shape that exposes the energetically lowest combination of surfaces. The geometries of 
the smaller clusters have been obtained by applying global optimization techniques and 
data mining from structures reported previously in the literature, obtaining in this way a 
reliable set of ground states candidates. The electronic structure of the ground state and 
excited states of the above-mentioned structures has been calculated with and without 
presence of solvent by using DFT and TDDFT methodologies.  
Results for TiO2 clusters and nanoparticles 
106 
 
The second article presented in this chapter reports on studies concerning the stability of 
TiO2 nanoclusters and nanocrystals. One main difference between both is the 
crystallinity that these structures present. Nanoclusters show low or almost no 
crystallinity or resemblance with the atomic ordering of the bulk system, meanwhile the 
nanocrystals show the same ordering as the bulk system. The aim of this work is to find 
the point where the most stable candidates change to from the nanocluster structures to 
the nanocrystals, which is important to be able to predict the behavior of this 
photocatalyst and its properties depending on the size of the particles.  
The last paper continues with the study of the TiO2 nanocrystals and how they energetic 
and electronic properties evolve with size and shape in order to try to elucidate the size 
of the nanoparticles where they electronic features become close to the bulk properties.  
The full work presented in this chapter encompasses the study of a large set of the 
different TiO2 stable structures from a few atoms to more than 1000, paying special 
attention to the evolution of the energetic and electronic properties with the increasing 
size of the system and the different morphologies they exhibit.  
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3.1.3.1 Effect of Size and Structure on the Ground-State and Excited-State 
Electronic Structure of TiO2 Nanoparticles. 
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Overview:  
With the aim of studying the stability and electronic properties of bulk-like and non-
bulk-like TiO2 nanostructures we performed DFT calculations on a set of representative 
nanoparticles of the two families. We found that the smaller nanoclusters, in the size 
range of 0.5 – 3.2 nm diameter, to present electronic structure features which depend 
more on their structure and morphology than their size. This can be explained by the 
large and irregular potential energy surface presented in this range of nanostructures and 
especially for this material. This leads to very different structures with very different 
electronic properties in a small range of energetic stability. This suggests that as the 
difference in energetic stability for a same size is relatively narrow, several isomers of 
each size need to be studied to derive from them their electronic properties.  
In the range of structures studied in the work presented in the first part of the chapter the 
exciton binding energy is significant, with or without the inclusion of solvent. This is 
especially important for the smallest nanoclusters and has been observed to change with 
size. From these results we can extract that, for a certain size we can expect a bulk like 
behavior where the exciton binding energy becomes almost zero. Another important 
conclusion is that the free charge carriers calculated for these clusters are 
thermodynamically able to perform the water splitting reaction. However the systems 
that present a more stable exciton state are only able to do it when the solvation effect is 
taken into account.  
In the second article presented in this chapter we provide new ground state candidates 
for nanoclusters with sizes between 11 and 38 TiO2 units. They have been found to be 
more stable than all the candidates previously reported on the literature and in good 
agreement with the trend shown for smaller sizes. Also crystalline nanoclusters up to 84 
units (252 atoms) were also studied in this work, finding the nanocrystal of 38 units to 
be significantly metastable in comparison with the non-crystalline nanoclusters. This is 
an indication that using nanocrystals models of this size as a representative model of 
these systems should be done with caution. The nanocrystals of this size and smaller are 
found to present a higher energy than the correspondingly sized amorphous systems. 
Another important conclusion extracted from this work comes from the extrapolating of 
the fitting of the energetic stability of both types of structures, nanoclusters and 
nanocrystalline TiO2 structures. The predicted stability extrapolated for larger sizes of 
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both types of systems indicates that the crossover point where the order of stability 
changes between the nanoclusters to the nanocrystals should be around 125 units (375 
atoms). By applying the Wulff construction models and the previous knowledge from 
the other nanocrystals modeled, we can predict that this size corresponds to 
nanoparticles of around 2.6 nm depending on the morphology of the nanoparticle. This 
is an important size to know where the amorphous spherical nanoclusters become less 
stable than the crystalline bulk-like nanoparticles. This gives a valuable information 
about when to use each nanoparticle model approach in order to accurately predict the 
properties of the systems studied.  
Continuing with the results obtained from the study of the evolution of the electronic 
and energetic properties of TiO2 nanoparticles with size in the nanocrystals regime we 
can extract several important conclusions. Firstly find that the geometrical features like 
Ti-O distances, oxygen average coordination and titanium average coordination quickly 
converge to the bulk values with size. Also it has been shown that the stability of the 
octahedral nanocrystals and truncated octahedral nanocrystals is similar. The energy per 
TiO2 unit (ΔE/n) of the systems studied decreases as the size of the particle increases, as 
expected, with size effects dominating over morphology.  
Otherwise the convergence of the electronic properties is much slower than the 
energetic stability. Showing that the optical gap (HOMO-LUMO gap) remains almost 
constant as the size increases but with small fluctuations. Meanwhile the electronic gap 
converges much faster with size. This is very interesting as it indicates the reduction of 
the exciton binding energy with size. This points to a convergence to bulk structure 
electronic properties with size and allows us to predict at which range of size the 
nanocrystals would show bulk like properties. We estimate that this size would be 
around 15000 TiO2 units.   
 
 When Anatase Nanoparticles Become Bulklike: Properties of Realistic Nanoparticles in the 1−6 nm 
Size Range from All Electron Relativistic Density Functional Theory Based Calculations  
142 
 
  
Zinc oxide (ZnO)  
 
143 
 
 
 
 
 
 
Chapter 4.2 
Zinc Oxide (ZnO) 
    Zinc oxide (ZnO) 
 
144 
 
  
Zinc oxide (ZnO)  
 
145 
 
  
    Zinc oxide (ZnO) 
 
146 
 
3.2 Zinc oxide (ZnO) 
Zinc oxide (ZnO) in its wurtzite phase has become a very popular material for diverse 
technological applications (e.g. semiconductors, transistors, photodetectors, blue and 
UV-light laser diodes, gas sensors, etc.) due to its unique semiconducting properties. 
ZnO has relatively large exciton binding energies and presents a band gap of around 3.4 
eV, enabling ultraviolet light absorption. These features motivated our study of ZnO. 
Apart from this large range of technological applications, recently there has been an 
increased from interest the scientific community in catalytical properties of ZnO. This 
material is already used in sulphur vulcanization processes, methanol synthesis, 
dissociation of water and sulphur hydride, and others.
70–75
The catalytic and specific 
electronic properties shown by ZnO makes it a very promising photocatalyst. There 
have been an increasing number of publications studying the photocatalytic activity of 
ZnO in the last decades, finding interesting applications related to dye decomposition, 
alcohol photodegradation, and water splitting reactions.
76
 
The photocatalytic activity of this ZnO is still under study and a matter of debate. The 
features related with the activity are still not clear and several experimental works relate 
the photocatalytic activity with structural factors. Many studies carried out in recent 
years explored very different morphologies for ZnO nanoparticles, finding different 
photocatalytic activity response depending on the type of structure presented by the 
nanoparticles. This points to structural features and characteristics being an important 
key point related with the photoactivity.  
A wide range of different ZnO structures can be obtained by changing the methodology 
used during the synthesis process. Regarding this fact, it has been pointed out that the 
presence of a higher ratio of polar surfaces with respect to other stable non-polar 
surfaces implies a higher photoactivity. These results present in the literature motivated 
us to study the importance of the (0001 ) polar surfaces of ZnO on its photocatalytic 
activity compared to other stable non-polar surfaces for wurtzite ZnO like the (101 0) 
and (112 0) surfaces. 
Following the research on ZnO, and motivated by the variety of stable polymorphs 
presented by ZnO reported in the literature like we have studied a variety of polymorphs 
and nanostructures. Wurtzite (WZ) is the most stable polymorph of ZnO for large 
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periodic systems. The body centered tetragonal (BCT) structure has been predicted to be 
a very stable crystal structure when ZnO is presented as several layers or thin films. For 
smaller finite systems another type of nanostructures has been reported to be especially 
stable in the literature. Here cage-like nanostructures formed from graphene-like layers 
are found to be stable. These structure consists in hexagonal layers of ZnO include that 
include some Zn2O2 motifs in their structure which allows them to fold into a cage-like 
shape, that in some cases can contain another smaller cage-like structure inside. We 
refer to them as single-layered cages (SC) and multi-layered cages nanocages (MC). 
Another crystalline structure(SOD-ZnO) based on these tacking of small Zn12O12 
single-layered sodalite cages has also been predicted to rather stable and is also studied. 
This wide landscape of different stable structures for ZnO and the evidences in the 
literature that the crossover between the smaller very stable nanocages and WZ type 
clusters is not clear, motivated us to perform a study to elucidate the preference of 
stability of all these polymorphs mentioned previously at different sizes, to know which 
kind of structures is more stable respect to the others depending on their size. The 
results obtained from this systematic study that covers the range of a few ZnO units to 
over 1000 units is presented in the following manuscript.  
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3.2.2 Size dependent structural and polymorphic transitions in ZnO: from Clusters 
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Overview:  
In this chapter DFT calculations where performed to study the stability and properties of 
different ZnO nanostructures. We found that ZnO nanoparticles with a higher 
proportion of polar surfaces exposed present a higher photocatalytic activity in the 
isopropanol photoelimination. Both experiments and theoretical studies indicate that the 
process is better carried out on polar surfaces, without taking into account the hydration 
of these polar surfaces. It seems that water can be displaced by the isopropanol without 
difficulties. Otherwise the high activity is not directly related with the pysicoquemical 
properties of the surface like defect states, of modification of the band gap, but on the 
stabilization of the holes generated during the photoexcitation process in the (0001 ) 
surfaces. This fact is very important for all the photodegradation processes of ZnO in its 
different shapes.  
Continuing with the ZnO stability studies presented in this chapter we performed DFT 
calculations on 5 different families of ZnO structures, the single-layered nanocages 
(SC), multi-layered nanocages (MC), sodalite based nanoparticles (SOD), body 
centered tetragonal structures (BCT), wurtzite bulk nanoparticles (WZ) and the 
respective bulk phases. We could fit the calculated data obtained for the different 
structures to study the evolution of stability with size, finding interesting changes in the 
ordering of stabilities. For the smaller size clusters the SC cages are preferred, followed 
by the MC cages that become more stable when the size increases. When reaching the 
range of 2.6 nm of nanoparticle diameter we observed very similar energetic stability 
for MC cages, SOD type structures and BCT structures. At this size the bottom-up 
clusters give way to the region dominated by top-down nanocrystals. Beyond this point 
the BCT structure eventually leads to crossover of stability with the wurtzite bulk cuts 
at about 2200 ZnO units corresponding to nanoparticles of 4.7 nm which is in good 
agreement with experimental studies that have reported the wurtzite ZnO structure for 
bare nanoparticles in this range of size.  
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4.Conclusions 
In this work computational calculations based on DFT methodology have been 
performed in order to study the TiO2 and ZnO systems. By analyzing the energetics, 
electronic structure and geometrical features obtained from these calculations we 
extracted important information for future development of photocatalytic materials 
based on ZnO and TiO2 
Regarding studies for bulk TiO2 
The geometric features of the three TiO2 polymorphs, rutile, anatase, brookite have been 
shown to be well described by the GGA, GGA+U and hybrid functionals, leading to 
accurate results of the structural parameters. However the GGA functional fails to well 
describe the electronic structure of these systems and significantly underestimates the 
band gap. Hybrid functionals give a reasonably good description of the electronic 
structure (i.e. closer to the experimental values) but slightly overestimating the band 
gap. Once the U value is empirically defined, the GGA+U functional can provide a 
good description of the band gap of the material which is essential for photocatalytical 
studies.  
The effect of fluorine doping on TiO2 has been studied using the GGA+U methodology 
previously mentioned. The calculations show that F-doping of all polymorphs is 
thermodynamically favorable. Regarding the electronic structure of the doped titania 
polymorphs, the presence of substitutional F atoms leads to Ti
3+
 states that lay in the 
gap. In the case of rutile and brookite the states lay near the conduction band and do not 
represent a big modification of the photocatalytic activity. In the case of anatase the 
states fall in the middle of the band gap, which leads to a reduction of the band gap and 
possibly increase of the photocatalytic activity.  
We performed a study of the effect of modified hybrid functionals on the description of 
the electronic structure of TiO2 and reduced TiO2. The results obtained indicate that 
modifying the PBE0 functional in a way that it has 12.5% of Fock exchange (PBEx) 
enables it to reproduce very accurately the experimental values for the band gaps, lattice 
parameters and thermodynamic energies for the clean bulk systems. In the case of the 
reduced systems the PBEx functional also describes correctly the systems with oxygen 
vacancies defects, leading to results that confirm the previously reported experimental 
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results. This confirms this approach as a suitable methodology to describe TiO2 systems 
and will be used in future works. 
We continued performing a systematic study of the effect of varying the parameters of 
the HSE functional on the electronic structure and band gap of a representative set of 
metal oxides. We found that the band gap obtained from the calculations is linearly 
dependent with the amount of Fock exchange included in the calculation and the 
screening parameter has the contrary effect. There is not a unique combination of 
parameter values that leads to good electronic structure description for all the materials 
at same time. However, one can use the linear dependence between the amount of Fock 
exchange and the band gap and the inverse relation between the screening parameter 
and the band gap in order to find the set of parameters able to describe properly the 
band gap of any one of these semiconductors accurately.   
Regarding the effect of fluorine in the electronic structure of bulk and surfaces of 
TiO2: relevance to photocatalytic activity: 
We performed DFT based calculations to study the capability of fluorine atoms to 
diffuse trough the rutile anatase and brookite bulk structures. The diffusion of the 
fluorine atoms is controlled by the size of the diffusion channels but even more 
determining is the structural flexibility of the different bulk polymorphs. For anatase the 
[100] direction was found to present an almost negligible barrier, and the diffusion 
through this channel is almost thermodynamically favorable. In the case of brookite, the 
fluorine diffusion is kinetic and thermodynamically unfavorable. Meanwhile for rutile 
the [110] diffusion is thermodynamically unfavorable but the barrier found is extremely 
small which indicates that it is kinetically favorable. Thus, the incorporation of fluorine 
into anatase from the gas phase seems not to be the rate-limiting step of the process. 
We also performed periodic density functional theory based calculations with the 
GGA+U functional in order to study the interaction of fluorine with the anatase TiO2 
(101) and (001) surfaces as function of the coverage, and how this affect to the stability 
of the mentioned surfaces. In both cases, the adsorption of the fluorine is exothermic 
and oxidizes the surface of the substrate due to the charge transfer from the nearest 
oxygen to the F atom. The coverage does not have a strong effect on the adsorption 
energy and there is only a small reduction of this energy as the coverage increases. The 
free energy analysis revealed a change in stability as the coverage increases; changing 
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the order of stability between the [101] and the [001] surfaces. We found that with no F 
atoms adsorbed the [101] surface is more stable but as the coverage increases the [001] 
surface become more stable. The results mentioned can explaining the increasing 
proportion of [001]/[101] surface presented by the nanoparticles when are synthetized in 
presence of fluorine.   
In the same line, the adsorption of the trifluoroacetic acid on anatase surfaces was also 
studied by mean of DFT calculations. We found that the interaction between the acid 
and the [101] surface is relatively weak, with almost no distortion of its optimal gas 
phase geometry. On the other hand the interaction between the trifluoroacetic acid 
molecule and the [001] surface is much stronger leading to the dissociation of the 
molecule into trifluoroacetate that is adsorbed on top of the Ti atom and the H atom that 
is adsorbed on top of the nearest O atom. This explains the stabilization of the [001] 
surface with respect to the [101] surface found experimentally. These results are useful 
in order to develop new synthesis methods to improve the photocatalytic activity of 
TiO2 nanoparticles.  
 
Regarding TiO2 clusters and nanoparticles 
To study the effect of size and structure on the electronic structure of TiO2 nanoparticles 
we performed DFT and TDDFT calculations on a set of bulk like and non-bulk-like 
nanoparticles. We found that that the electronic structure is more dependent on the 
structure than the size, especially in the smaller non-bulk-like nanoparticles. In the 
range of sizes studied in this work, the exciton state is stable in vacuum and with 
solvent. The electronic structure data obtained shows that the free charge carrier state of 
the TiO2 nanoparticles studied here is able to drive photocatalytic water splitting, at 
least from a thermodynamic point of view. However, for the more stable exciton state, 
water splitting is only favored when the presence of water is taken into account. 
Further research was done to predict at which size the crystalline nanoparticles (top 
down approach) become more stable than the non-bulk like nanoclusters (bottom up 
approach). We analyzed a set of nanoclusters in the range of N=1-38 (from global 
optimization and data-mining) and some nanocrystals up to N=84 modeled following 
the Wulff construction methodology. From comparing the results obtained from the two 
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sets we can conclude that in the range of N= 1-38 the nanoclusters are significantly 
more stable than the correspondingly sized nanocrystals. This points to the fact that 
using nanocrystals as computational models of large nanoparticles of bulk systems in 
this range of size can be inaccurate and lead to artifacts. By fitting the data from both 
sets we could extrapolate that the crossover in stability between the two types of 
nanostructures would occur at approximately 125 TiO2 units, which corresponds to a 
nanoparticle size of 2-2.6 nm.  
After finding the crossover of energetic stability between non-bulk like nanoclusters and 
nanoparticles we continued our research by investigating the system size when the 
electronic properties of nanocrystals converge to the values of the respective bulk. This 
research was carried out by calculation the electronic properties and relative stability of 
a set of nanocrystals in the sizes range between 10 and 455 TiO2 units exhibiting the 
[101] and [001] surfaces. The energy per unit decreases with size as expected, for both 
truncated octahedral nanoparticles and octahedral nanoparticles. The results obtained 
regarding the electronic gap and the optical gap show how the former gap converges 
fast with size meanwhile the optical gap remains almost constant as the size of the 
nanocrystals increases. If we examine the exciton binding energy we can observe that it 
converges to zero (bulk value) quickly. Taking this into account, and by fitting the data 
of the binding energies we extrapolate that for nanoparticles with around 15000 TiO2 
units the binding energy will be close enough to the bulk value to expect their electronic 
properties  be almost identical to that of the bulk.  
All these results combined represent advances in the knowledge of the behavior of TiO2 
especially as function of size and structure. The studies of the fluorine, and fluoroacetic 
interaction with TiO2 can help to design nanoparticles with a desired shape. The studies 
on nanoclusters and nanoparticles are especially important to know which size is needed 
in order to have certain properties and thus to improve photocatalytic performance of 
this material.  
 
 
 
 
Conclusions  
 
175 
 
Regarding Zinc Oxide (ZnO) 
DFT calculations performed to study the electronic structure and stability of ZnO 
surfaces confirmed the experimental findings that relate the activity in the isopropanol 
photoelimination process with the exposure of the (0001 ) ZnO polar surface. The 
maximization of the photoelimination activity is reached when maximizing the 
exposure of these polar surfaces, especially the (0001 ) surface. This information is very 
useful to understand other similar photodegradation processes where ZnO is involved.  
Following the study on the stability of ZnO nanostructures, we performed an extensive 
study of the stability presented by different nanostructures derived from ZnO stable 
polymorphs and especially stable nanoclusters. The goal of this study is to elucidate the 
order of stability of the different type of structures as function of their size. The five 
families of ZnO nanoclusters studied were: (A) single-layered nanocages, (B) multi-
layered nanocages, (C) SOD-ZnO bulk-cuts, (D) BCT-ZnO bulk cuts, and (E)WZ-ZnO 
bulk-cuts. The results obtained show the following evolution: The single layered 
nanocages are the most stable for the smaller sized structures and as the size increases 
they become less stable than the multi-layered nanocages. For larger sizes the 
multilayered nano-cages, the SOD-ZnO bulk-cuts and the BCT-ZnO bulk cuts become 
almost equally stable in a transition region (ø ∼ 2.6 nm). When the size increases 
further BCT-ZnO bulk cuts become more stable and a finally a crossover to cuts from 
the most stable WZ-ZnO polymorph will occur at about 2200 ZnO units. This latter size 
corresponds to approximately 4.7 nm size which is in agreement with 4-6 nm WZ-ZnO 
nanoparticles previously reported by experiments. 
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5. Contribution to publications 
The results of this thesis are presented as a compendium of nine publications which are 
co-authored by more than just the author. This chapter describes the contribution of the 
author of this thesis to each of the publications.  
 
“Electronic structure of f-doped bulk rutile, anatase, and brookite polymorphs of 
TiO2.Tosoni, S., Lamiel-Garcia, O., Fernandez Hevia, D., Doña, J. M. & Illas, F. J. 
Phys. Chem. C116, 12738–12746 (2012).”  
Contribution: Carrying out part of the DFT calculations on TiO2 bulks and F-doped 
systems, analyzing the calculated data. 
 
“Performance of a modified hybrid functional in the simultaneous description of 
stoichiometric and reduced TiO2 polymorphs. Ko, K. C., Lamiel-García, O., Lee, J. Y. 
& Illas, F. Phys. Chem. Chem. Phys.18, 12357–12367 (2016).” 
Contribution: Carrying out part of the DFT calculations and analyzing the calculated 
data.  
 
“Systematic study of the effect of HSE functional internal parameters on the electronic 
structure and band gap of a representative set of metal oxides. Viñes, F., Lamiel-
Garcia, O., Chul Ko, K., Yong Lee, J. & Illas, F.; J. Comput. Chem. 1–9 (2017).” 
Contribution: Carrying out part of the DFT calculations on several systems and 
analyzing the calculated data.  
 
“Theoretical study of atomic fluorine diffusion through bulk TiO2 polymorphs. Tosoni, 
S., Lamiel-Garcia, O., Fernandez Hevia, D. & Illas, F.; J. Phys. Chem. C117, 5855–
5860 (2013)” 
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Contribution: Carrying out part of the DFT calculations and analyzing the calculated 
data.  
 
“Relative stability of F-covered TiO2anatase (101) and (001) surfaces from periodic 
DFT calculations and ab initio atomistic thermodynamics. Lamiel-Garcia, O., Tosoni, 
S. & Illas, F.; J. Phys. Chem. C118, 13667–13673 (2014).” 
Contribution: Carrying out part of the DFT calculations and analyzing the calculated 
data.  
 
“Adsorption properties of trifluoroacetic acid on anatase (101) and (001) surfaces: a 
density functional theory study. Lamiel-Garcia, O., Fernandez-Hevia, D., Caballero, A. 
C. & Illas, F.; Phys. Chem. Chem. Phys.17, 23627–33 (2015).” 
 
Contribution: Carrying out all the DFT calculations, analyzing the calculated data and 
writing the theoretical part of the manuscript.  
 
“Effect of Size and Structure on the Ground-State and Excited-State Electronic 
Structure of TiO2 Nanoparticles. Cho, D.; Ko, K. C.; Lamiel-Garcia, O.; Bromley, S. T.; 
Lee, J. Y.; Illas, F.; J. Chem. Theory Comput.12, 3751–3763. (2016).” 
 
Contribution: Providing the structures to study, carrying out part of the DFT 
calculations and analyzing the calculated data.  
 
“Predicting size-dependent emergence of crystallinity in nanomaterials: titania 
nanoclusters versus nanocrystals. Lamiel-Garcia, O., Cuko, A., Calatayud, M., Illas, F. 
& Bromley, S. T.; Nanoscale9, 1049–1058 (2016).” 
 
Contribution to publications  
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Contribution: Providing some of the global optimized nanoclusters and carrying out part 
of the DFT calculations and analyzing the calculated data.  
 
“When Anatase Nanoparticles Become Bulklike: Properties of Realistic TiO2 
Nanoparticles in the 1–6 nm Size Range from All Electron Relativistic Density 
Functional Theory Based Calculations. Lamiel-Garcia, O., Ko, K. C., Lee, J. Y., 
Bromley, S. T. & Illas, F.;  J. Chem. Theory Comput.(2017)” 
 
Contribution: Carrying out part of the DFT calculations, analyzing the calculated data 
and writing the manuscript.  
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6.1 Introducció:  
En aquesta memòria es presenten els resultats mes rellevants corresponents a la tesis 
doctoral amb el nom ―Desenvolupament de models per nanopartícules de TiO2 i ZnO en 
photocatalysis‖. En la qual s’han estudiat l’estabilitat d’aquests sistemes i les seves 
propietats electròniques mes rellevants, mitjançant càlculs computacionals basats en el 
funcional de la densitat. 
Durant els últims anys l’òxid de titani (TiO2) ha guanyat molta rellevància en la 
comunitat científica degut a les seves grans propietats electròniques molt útils en 
diferents camps de la ciència. Aquestes s’ha trobat especialment interessant en el camp 
de la fotocatàlisis i en la interacció d’aquest material amb la llum. En particular algunes 
de les aplicacions actuals mes destacables son la seva utilització en els processos de 
purificació d’aire i aigua mitjançant processos fotocatalítics, la seva utilització en la 
fabricació de materials que es poden netejar per si sols.
77,78
Totes aquestes aplicacions 
queden completades amb la que per nosaltres resulta la principal motivació per realitzar 
aquest estudi. La possibilitat que presenta aquest material per aprofitar l’energia solar 
per tal de transformar-la en energia química capaç de obtindre H2 i O2 a partir de 
l’aigua, sense necessitat d’aplicar una energia extra. Aquest fet obre les portes a la 
possibilitat d’obtenir H2 com a combustible a partir de l’aigua de forma neta i 
respectuosa amb el medi ambient. Per aquest motiu en els últims anys el nombre 
d’investigacions en aquest camp ha augmentat molt considerablement en els últims 
anys.  
L’origen de l’ interès en aquest tipus de materials en el camp de la fotocatàlisis va 
començar al voltant dels anys 60 quan diversos grups d’investigació que investigaven 
processos fotoinduits en sòlids (com el TiO2 i ZnO) van descobrir que certes molècules 
com l’aigua i l’oxigen s’adsorbien i desorbien de al superfície d’aquests 
semiconductors. Aquest fenomen va ser explicat anys desprès per la teoria de la banda 
d.
1–3
 Poc desprès d’aquests descobriments S. Kato y F Masuo van reportar la primera 
reacció fotocatalitzada per l’òxid de titani; la oxidació de tetralin en fase liquida irradiat 
amb llum UV.
4Aquest resultat va disparar l’ interès de la comunitat científica cap a 
l’òxid de titani. Descobrint en els anys següents diferents reaccions en fase gas basades 
en l’òxid de titani irradiat amb llum UV.5–8 Però no va ser fins l’any 1972 quan es va 
publicar el treball de Fujishima i Honda,  on es va donar a conèixer la capacitat de 
aquest material per poder du a terme la reacció de descomposició fotocatalítica de 
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l’aigua, quan s’irradiava amb llum UV amb una reducció del corrent aplicat necessari en 
el procés.
9
 Des d’aquell moment i fins l’actualitat s’han realitzat gran nombre d’ 
investigacions enfocades en aquesta capacitat especial que presenta, l’òxid de titani.10–
13,77–80
 
Intentant proposar possibles mecanismes de reacció. Estudiant la activitat 
photocatalitica d’aquest material en diferents fases però sobretot enfocats a com es pot 
augmentar l’activitat d’aquest material. Ja que per aquest procés necessita de radiació 
UV i la quantitat de llum d’aquesta longitud d’ona que arriba a la superfície de la terra 
es escassa. Per aquest motiu es busca modificar l’estructura electrònica del material per 
tal de reduir-ne el seu band gap per tal que pugui aprofitar la llum en l’espectre visible. 
Per tal de trobar fotocatalitzadors eficients s’han realitzar nombrosos estudis utilitzant, 
utilitzant semiconductors col·loïdals, barreges binaries d’òxids, nanopartícules 
metàl·liques suportades sobre òxids, o dopant el sistema amb diferents ions metàl·lics i 
no metàl·lics.
13,14,79–85
 
Aquest mateix fet es pot aplicar al òxid de zinc (ZnO), un altre semiconductor amb 
propietats electròniques similars a les presentades per l’òxid de titani ja que l’ òxid de 
zinc presenta un band gap de 3.4 eV, molt similar al de l’òxid de titani. Les 
investigacions relacionades amb aquest material que involucren processos fotocatalítics 
i altre aplicacions tecnològiques han augmentat en els últims anys com el cas dels 
estudis sobre transistors, fotodetectors, elèctrodes transparents, sensors de gasos i 
generadors piezoelèctrics.
21–29
 
En tots dos casos les aplicacions tecnològiques estan relacionades amb les propietats de 
l’estructura electrònica del material i per tant un ampli coneixement d’aquesta es 
necessari per tal d’augmentar l’eficiència d’aquests fotocatalitzadors. Tot i això els 
detalls de quins factors de l’estructura electrònica del material son necessaris per tal de 
du a terme aquests processos de forma eficient o els mecanismes d’aquetes reaccions no 
estan clars i hi ha moltes preguntes que encara no tenen resposta. Com per exemple, 
perquè certes nanopartícules son mes actives que d’altres? Quines son les 
característiques que fan un catalitzador mes actiu? Com es pot modificar aquest material 
per tal de millorar la seva eficiència? Que fa que aquestes nanopartícules tinguin una 
activitat diferent del bulk?  
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Molts treballs teòrics s’han  dut a terme en els últims anys amb l’ intenció de respondre 
a aquetes preguntes, en la majoria d’aquests casos els models utilitzats son models 
periòdics que assumeixen una simetria infinita perfecte que no es una descripció realista 
per les nanopartícules. Per sort en els últims anys la capacitat de càlcul i els diversos 
codis computacionals han millorat exponencialment y en l’actualitat tenim mètodes 
molt mes sofisticats que poden aplicar-se a models molt mes realistes. Aprofitant això, 
la idea d’ aqueta tesis es combinar els models periòdics i models on s’estudien 
explícitament nanopartícules de gran mida per tal de clarificar alguns d’aquests punts 
importants respecte l’estructura electrònica dels sistemes (nano)TiO2 i (nano)ZnO. 
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6.2 Metodologia 
Els resultats presents en aquesta tesis s’han obtingut mitjançant càlculs basats en la 
teoria del funcional de la densitat (DFT). Que te origen als anys 20, en el model del gas 
d’electrons desenvolupat per Thomas i Fermi.35,36 que posteriorment va ser revisat i 
millorat per Dirac
86
 i Bloch
56
 tot i que formalment la metodologia del funcional de la 
densitat no va aparèixer com a tal fins que Hohenberg i Kohn van enunciar els seus 
teoremes.
37
 Aquests plantegen que l’energia d’un sistema queda determinada per la 
densitat electrònica del mateix i està relacionada mitjançant un cert potencial extern. i 
un hamiltonià electrònic i que qualsevol densitat de proba donarà sempre una energia 
superior a la del estat fonamental. Enunciat d’una altre manera la densitat real del 
sistema es la que minimitza l’energia del funcional.  
Anys mes tard Kohn i Sham
33
 van plantejar l’aproximació que consisteix en que un 
sistema d’electrons interaccionant per un sistema d’electrons sense interacció i que 
aquesta es pot descriure per un terme de correlació i intercanvi inclòs al funcional. 
Arribant així a l’expressió del funcional que inclou: L’energia cinètica del sistema, el 
terme de repulsió coulombica i l’esmentat terme de intercanvi i correlació. A partir 
d’aquest esquema comú s’han desenvolupat gran nombre de funcionals de diferents 
tipus. Els LDA
38,39
 que calculen el terme d’intercanvi a partir de la densitat, GGA40–42 
que ho calculen a partir del gradient de la densitat y els híbrids
40,41,44
 que a mes del 
esmentat anteriorment contenen una part d’intercanvi Hartree Fock. D’altre banda 
també hi ha models que inclouen correccions semi-empíriques per tal de millorar la 
descripció electrònica com es el cas del DFT+U
51. En el cas d’aquest treball aquestes 
ultimes metodologies s’han utilitzat per tal d’obtenir una descripció correcta dels estats 
electrònics del TiO2 i ZnO ja que aquesta informació es crucial en aquesta investigació.  
En el nostre cas s’han realitzat càlculs utilitzant els models periòdics. Els quals utilitzen 
les ones planes com a funcions de base i pseudopotencials per descriure els electrons 
interns. També s’han realitzat càlculs de sistemes finits (clústers i nanopartícules) on no 
eren necessàries les condicions periòdiques. En aquest cas els càlculs s’han realitzat 
tenint en compte explícitament tots els electrons i utilitzant orbitals atòmics numèrics 
(NAO) com a funcions de base
53
. 
Per tal de poder comparar sistemes diferents i veure l’efecte que tenen sobre aquests 
variables termodinàmiques com composició pressió o temperatura, s’han aplicat la 
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metodologia ab initio thermodynamics
59
 als resultats obtinguts dels càlculs DFT aquesta 
metodologia consisteix en aplicar la termodinàmica estadística per tal de obtindré 
resultats de la termodinàmica del sistema.  
Per tal de dissenyar les nanoestructures utilitzades en els estudis realitzats en aquesta 
tesis s’han utilitzat dos models teòriques. Per les nanopartícules mes petites que 
presenten propietats geomètriques no cristal·lines s’ha utilitzat l’aproximació 
anomenada aproximació bottom up on a partir d’algoritmes d’optimització global, 
concretament el mètode basin hopping
57
 amb ell s’han trobat alguns dels candidats a 
estructures mes estables per els sistemes estudiats. D’altre banda per tal de modelitzar 
les nanopartícules de major mida que ja presenten cristal·linitat similar a la del bulk s’ha 
utilitzat el model de Wulff
58
 que està basat en l’idea que les nanopartícules cstital·lines 
tendiran a exposar una major area de les superfícies mes estables. Seguint aquesta idea 
un pot construir una nanopartícula que minimitzi d’aquesta manera l’energia superficial 
de forma que presenti una major estabilitat.  
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6.3 Resultats:  
6.3.1 Estudis del bulk de TiO2 
En aquest capítol es mostra un resum dels resultats de l’ inici de aquesta tesis. Els 
primers estudis realitzats estan motivats per la necessitat de trobar un model 
computacional capaç de descriure l’estructura electrònica de l’òxid de titani sòlid (bulk). 
Aquest punt es especialment important ja que la capacitat de l’òxid de titani d’absorbir 
llum esta relacionada directament amb el band gap del material i aquest depèn de la 
seva estructura electrònica. Per aquest motiu s’ha realitzat l’estudi previ del 
funcionament de diferents funcionals en la descripció de l’estructura electrònica de 
Rutil, Anatasa i Brookita. Els funcionals utilitzats els podem separar en grups. Els 
funcionals GGA (PW91 i PBE) GGA+U (PBE+U) híbrids (B3LYP, PBE0 i HSE06).  
Tots tres tipus de funcionals descriuen prou correctament les geometries i els paràmetres 
de bulk d’aquests sistemes. Els funcionals que millor ho descriuen son els híbrids 
seguits dels GGA i per últims els GGA+U. D’altre banda l’estructura electrònica no està 
ben descrita pels funcionals GGA com era d’esperar. Aquests subestimen de forma 
considerable el band gap en tots els polimorfs de l’ òxid de titani, tal com era d’esperar. 
Aquesta descripció millora al utilitzar els mètodes GGA+U on desprès d’ajustar els 
paràmetres semi-empirics del model (U = 6 eV per als orbitals Ti(3d) i O(2p)) els 
resultats del band gap milloren molt considerablement sense un augment del cost 
computacional. D’altre banda els funcionals híbrids donen valors prou propers al band 
gap del TiO2  en alguns casos lleugerament superiors als experimentals però en aquest 
cas si que hi ha un augment del cost computacional important.  
A partir dels resultats obtinguts s’ha utilitzat la metodologia DFT+U per tal d’estudiar 
l’efecte que te el dopatge amb fluor en l’estructura electrònica dels tres polimorfs. Els 
resultats obtinguts d’aquests càlculs indiquen que els estats electrònics deguts al fluor es 
situen en tots els casos en la regió del band gap. Això combinat amb el fet que la 
inserció del fluor dins la xarxa cristal·lina del sòlid es termodinàmicament favorable fa 
que aquest efecte sigui encara molt mes important ja que permet reduir el valor del band 
gap i això permet que el material pugui absorbir llum amb una longitud d’ona propera al 
visible lo qual es molt interessant per tal d’augmentar el rendiment d’aquest.  
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Basant-nos en aquests resultats i motivats per trobar una metodologia capaç de descriure 
correctament l’estructura electrònica del TiO2 i els estats electrònics deguts a vacants 
d’oxigen, s’ha realitzat un estudi sobre la descripció que donen els funcionals híbrids 
modificats de l’estructura electrònica del sòlid i del sòlid reduït.  
En aquest estudi s’ha observat una dependència lineal entre el tant per cent d’intercanvi 
Hartree Fock utilitzat i el valor del band gap del material. D’aquesta manera s’ha pogut 
obtenir un valor d’intercanvi tal que descrigui el band gap de forma correcta. Utilitzant 
un 12.5% d’intercanvi Hartree Fock, els valors obtinguts per al band gap de Rutil i 
Anatasa son 2.91 i 3.02 eV. Aquests valors son molt similars als experimentals que per 
aquests dos polimorfs son 3.03 i 3.20 eV respectivament. Tanmateix els paràmetres 
estructurals i energetics com l’entalpia de formació també estan descrits amb menys 
d’un 2% d’error per l’Anatasa i 4% d’error per al Rutil. 
D’aquesta manera hem validat el funcionament d’aquest funcional modificat i establert 
una metodologia de càlcul capaç de descriure correctament les característiques mes 
destacables d’aquest sistema. Un cop aconseguit això s’ha realitzat un estudi de l’efecte 
de les vacants d’oxigen en l’òxid de titani. Els estats electrònics derivats de vacants 
d’oxigen en el cas del Rutil mostren un comportament raonable. Els estats es troben 
lleugerament per sota la banda de conducció ( ~1 eV) lo qual està en concordança amb 
els resultats trobats a la literatura
87. En el cas de l’Anatasa els estats es troben també 
lleugerament per sota de la banda de conducció ( ~0.5 eV) lo qual també coincideix 
qualitativament amb els resultats trobats a la literatura.  
Motivats per aquests resultats també varem estudiar l’efecte que tenen els paràmetres 
d’intercanvi i apantallament (screening) del funcional HSE en la descripció de 
l’estructura electrònica i band gap d’un ser mes ampli d’òxids metàl·lics (TiO2, ZrO2, 
CuO2, ZnO, MgO, SnO2, and SrTiO3). Amb l’esperança de trobar un set de paràmetres 
tal que permeti descriure al mateix temps els diferents òxids metàl·lics.  
En aquest treball s’han variat els valors dels paràmetres d’apantallament i intercanvi de 
Hartree Fock per tal de veure com afecten en la descripció del band gap. Hem observat, 
que com era d’esperar, una dependència lineal entre valor del band gap obtingut al 
càlcul i la quantitat d’intercanvi de Hartree Fock utilitzada. De la mateixa forma que 
havíem observat en els treballs anteriors. D’altre manera el paràmetre d’apantallament 
es comporta de forma contraria. En augmentar el seu valor reduïm el band gap obtingut.  
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Tot i no trobar un set de paràmetres únic que permetin descriure acuradament els 
diferents òxids esmentats. Si que hem observat que ajustant aquests dos paràmetres 
podem obtenir un funcional que descrigui amb una bona precisió l’estructura electrònica 
de qualsevol sistema. Però no hi ha una única combinació que descrigui eficientment 
tots els sistemes a l’hora.  
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6.3.2 Efecte del fluor atomic en l’estructura electronica del bulk i superficies de 
TiO2: importancia per l’activitat fotocatalitica.  
En aquest capítol es resumeixen els resultats obtinguts del estudi de les interaccions 
entre el fluor i l’òxid de titani. Aquest estudi ha estat motivat per els treballs 
experimentals previs on s’ha comprovat que en presencia de fluor durant la síntesis de 
les nanopartícules d’òxid de titani. Aquest millora considerablement la seva eficiència 
fotocatalítica. Per aquest motiu primerament s’ha estudiat la difusió del fluor dins la 
xarxa estructural del sòlid. Ja que la difusió del fluor dins l’estructura cristal·lina es un 
pas clau en el procés de dopatge del TiO2 
 S’ha estudiat la difusió del fluor en els diferents canals perpendiculars a les superfícies 
mes estables d’Anatasa, Rutil i Brookita. Observant que la facilitat del fluor per 
difondre depèn inicialment de la mida del canal, però no exclusivament, ja que la 
flexibilitat de l’estructura es clau per tal de permetre la relaxació com a resposta de la 
presencia del fluor. En el cas de l’Anatasa en la direcció [100] mostra una barrera quasi 
inexistent i sembla gairebé afavorida termodinàmicament. En el cas de la Brookita, que 
presenta una estructura mes rígida i compacta, la difusió de fluor esta desafavorida tant 
cinètica com termodinàmicament. En el cas del Rutil es un punt intermedi entre Anatasa 
i Brookita. En la direcció [110] la barrera per la difusió es gairebé 0. Però d’altre banda 
el complex F-TiO2 està desafavorit termodinàmicament.  
Els resultats obtinguts apunten a que la inserció i difusió del Fluor en les estructures 
cristal·lines no son la etapa limitant del procés de dopatge.  
Un cop finalitzat aquest primer estudi vam estudiar com afecta l’adsorció de fluor a 
l’estabilitat de les superfícies (101) i (001) de l’òxid de titani. Aquest estudi ha estat 
motivat per els resultats experimentals que apuntaven que, una presencia de fluor durant 
el procés de síntesis de les nanopartícules modificava la seva geometria. Augmentant 
l’àrea de la superfície menys estable però mes activa (001) en detriment de l’àrea 
exposada de la superfície (101).  
Per dur a terme aquest estudi es va analitzar l’energia d’adsorció del fluor a totes dues 
superfícies i com aquesta variava en funció del recobriment. Veient com el fluor 
s’adsorbeix exotèrmicament en totes dues superfícies i que aquest procés ve 
acompanyat d’una oxidació del substrat degut a la transferència de carrega cap a l’àtom 
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de fluor procedent de l’àtom d’oxigen mes proper. Tal com indiquen els anàlisis de la 
densitat d’spin. L’ interacció es entre el fluor y la superfície es mes forta per la 
superfície (001) lo qual no es sorprenent ja que aquesta superfície es la menys estable i 
mes reactiva.  
Amb aquests resultats s’ha aplicat el formalisme ab initio thermodynamics per tal de 
poder estudiar l’estabilitat de les dues superfícies del recobriment a 298,15K i 1 bar de 
pressió de F2. Els resultats obtinguts en aquesta part demostren com segons el 
recobriment augmenta, l’estabilitat de les dues superfícies s’intercanvia, passant a 
mostrar una major estabilitat la superfície (001) en front la habitualment mes estable 
(101). 
 Degut als resultats obtinguts en l’estudi anterior i tenint en compte els problemes 
industrials de l’ utilització d’àcid fluohidric en la síntesis de nanopartícules hem 
realitzat un estudi en col·laboració amb un grup experimental per estudiar l’efecte d’una 
altre molècula amb fluor. Els nostres col·laboradors han observat experimentalment que 
la presencia d’ácid trifluoroacetic durant la síntesis també modifica la morfologia de les 
nanopartícules. Per aquest motiu s’ha estudiat l’ interacció d’aquesta molècula amb les 
superfícies (101) i (001) de l’òxid de titani.  
Els resultats d’aquest estudi ens indiquen que l’ interacció d’aquesta molècula es 
diferent per a totes dues superfícies. En el cas de la superfície (101) la interacció amb 
l’àcid es dèbil mantenint una estructura molt similar a la que presenta en fase gas. 
D’altre banda per la superfície (001) l’ energia d’adsorció es considerablement superior. 
Tant que en el procés d’adsorció l’àcid es dissocia en el trifluoroacetat que s’adsorbeix 
fortament per els oxígens als àtoms de titani de la superfície i l’àtom d’hidrogen que 
s’adsorbeix en un àtom d’oxigen proper. Aquesta diferent afinitat per les dues 
superfícies pot explicar la diferent morfologia presentada per les nanopartícules quan es 
sintetitzen en presencia d’aquest àcid. Ja que la forta interacció amb la superfície (001) 
pot impedir el creixement de la superfície (101) augmentant així l’àrea exposada de la 
superfície amb major activitat fotocatalítica.  
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6.3.3 Resultats dels clústers i nanopartícules d’òxid de titani 
Un cop finalitzats els estudis dels sistemes periòdics estudiats en els capítols anteriors, i 
degut a que experimentalment l’òxid de titani nanoestructurat acostuma a presentar 
morfologies diferents a sòlid amb millors propietats fotocatalítiques, Per aquest motiu 
passem a estudiar-les ja que les propietats que poden presentar poden ser molt diferents 
a les que presenten els sistemes periòdics a mes aquestes propietats son mes fàcilment 
relacionables amb els resultats experimentals que acostumen a ser utilitzant pols de 
TiO2. Aquests motius han motivat l’estudi de l’estabilitat i propietats electròniques ( 
tant en l’ estat fonamental com dels estats excitats). Per dur a terme aquest treball s’han 
realitzat càlculs DFT i TDDFT de nanopartícules de TiO2 de diferent mida. En aquest 
treball s’han estudiat dues famílies de sistemes nanoestructurats. Una família formada 
per estructures amb uns quants àtoms amb geometries clarament no cristal·lines (que 
anomenarem nanoclusters) i d’altre banda una família d’estructures amb una mida mes 
gran que si presenten cristal·linitat (nanopartícules), les primeres han estat obtingudes 
mitjançant mètodes d’optimització global57 mentre que les nanopartícules han estat 
obtingudes mitjançant les construccions de Wulff
58
 i tenint en compte les energies 
superficials de l’Anatasa, ja que es el polimorf mes habitual en les nanopartícules amb 
major activitat fotocatalítica. 
Les nanopartícules de menor mida (en un rang entre 0.5 – 3.2 nm) presenten unes grans 
diferencies en la seva estructura electrònica entre diferents morfologies d’una mateixa 
mida, diferencies mes grans que no pas entre diferents mides de nanopartícula. Això pot 
se degut a la irregularitat en la superfície d’energia potencial que presenten les 
nanoestructures d’aquesta mida. Obtenint propietats electròniques molt variades entre 
diferents els diferents isòmers que tanmateix presenten estabilitats molt similars. 
D’aquesta manera per tal de obtenir una descripció complerta del comportament 
electrònic de nanopartícules d’aquestes mides caldria fer un estudi molt exhaustiu de 
diferents isòmers per cada certa mida per tal de poder extrapolar aquestes propietats a 
sistemes mes grans.  
En el rang d’estructures presentades en aquest treball l’energia de lligadura de l’excitó 
es considerable tant en el els càlculs on s’ha tingut en compte l’efecte del dissolvent 
(aigua) com en els casos sense dissolvent. Aquest efecte es important en els clústers de 
mida petita pro canvia en augmentar la mida. D’aquests resultats podem extreure que 
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per a una certa mida podem esperar un comportament similar al bulk quan l’energia de 
lligadura es gairebé zero. Una altre conclusió important es que els portadors de carrega 
calculats per aquests clústers son capaços de trencar la molècula d’aigua. Però els 
sistemes que presenten un excitó mes estable nomes poden dur a terme reacció quan es 
te en compte l’efecte del dissolvent.  
En el següent treball realitzat durant aquesta tesis proporcionem nous candidats a 
estructura mes estable per els nanoclusters amb mides entre 11 y 38 unitats de TiO2. Els 
candidats presentats han resultat ser mes estables que les estructures anteriorment 
presents a la literatura i estan d’acord amb els tendències mostrades per a mides mes 
petites. També s’han estudiat estructures cristal·lines que contenen fins a 84 unitats de 
TiO2 (252 àtoms) trobant el nanocristall de 38 unitats resulta ser metastable en 
comparació amb els nanoclusters no cristal·lins. Aquest es un indicatiu que d’utilització 
de models nanocristal·lins d’aquesta mida pot ser perillós. Els nanocristalls d’aquesta 
mida i mes petits han demostrat presentar una energia major que les estructures amorfes 
de la mateixa mida.  
Una altre conclusió important que podem extreure d’aquest treball be de l’extrapolació 
de l’ajust de les energies per les dues famílies d’estructures. L’estabilitat predita per a 
sistemes mes grans de totes dues famílies indican un creuament d’estabilitat entre 
nanoclusters i nanocristalls al voltant de 125 unitats (375 àtoms). D’aquesta manera i 
utilitzant els models de Wulff per una generar un nanocristall d’aquesta mida indiquen 
que tindria una mida aproximada de 2.6 nm depenent de la morfologia exacta. Aquest es 
un punt important a conèixer ja que ens indica el punt on les estructures nanocristalines 
guanyen en estabilitat als clústers amorfs. Això dona una informació molt important de 
cara a l’elecció de models per estudiar els sistemes de diferent mida.  
Un cop trobat aquest punt de canvi d’estabilitat hem continuat l’estudi utilitzant 
nanocristals de mida superior per tal d’estudiar la tendència de les seves propietats quan 
augmenta la seva mida per tal de poder predir en quin punt les propietats electròniques 
d’aquestes nanopartícules convergeixen amb les del sòlid. Per aquest motiu s’han 
modelitzat diferents nanopartícules amb mides compreses entre 10 unitats de TiO2 i 
455, seguint sempre les construccions de Wulff per al disseny dels nanocristalls. Els 
resultats obtinguts de l’estudi de l’evolució de l’estructura electrònica i propietats 
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energètiques de les nanopartícules de TiO2 amb mida dintre del regim de nanocristalls 
es resumiran a continuació.  
En aquest estudi s’ha observat com les característiques geomètriques, com les distancies 
Ti-O, coordinació promig d’àtoms de titani i oxigen convergeixen rapidament als valors 
del bulk en augmentar la mida de les nanopartícules (tenint en compte que les 
coordinacions promig sempre seran menors a la del bulk degut a la menor coordinació 
dels àtoms superficials. També s’ha demostrat que l’estabilitat de la nanopartícules amb 
forma d’octaedre i octaedre truncat per les puntes es molt similar en aquest rang. D’altre 
banda com era d’esperar s’ha observat que l’energia per unitat de TiO2 dels sistemes 
estudiats decreix ràpidament en augmentar la mida de les partícules. Observant la 
dominancia de l’efecte de la mida per damunt del efecte de la morfologia.  
D’altre banda la convergència de les propietats electròniques es molt mes lenta que la de 
l’estabilitat energètica. Mostrant com el gap òptic (HOMO-LUMO) no varia quasi quan 
augmentem la mida del sistema. Mentre que el gap electrònic convergeix molt mes 
ràpidament. Això es molt interessant i comporta una reducció de l’energia de lligadura 
de l’excitó amb la mida del sistema. Això apunta a una convergència de l’estructura 
electrònica cap a l’estructura electrònica del sòlid amb el mida que ens permet poder 
predir aproximadament el rang de mida en el que els nanocristalls presentaran propietats 
com les del sòlid periòdic. Hem estimat que això succeeix aproximadament al voltant de 
partícules amb 15000 unitats de TiO2.  
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6.3.4 Zinc oxide (ZnO) 
L’òxid de zinc en la fase wurtzita ha esdevingut un material molt popular degut a les 
seves propietats tecnològiques (semiconductors, transistors, fotodetectors, etc) a causa 
de les seves propietats característiques com a semiconductor. El ZnO presenta una 
energia de lligadura de l’excitó considerablement gran i presenta un band gap de 3.4 
eV, permetent així l’absorció de llum UV. Aquests factors han motivat l’estudi 
presentat a continuació sobre l’òxid de zinc.  
L’activitat fotocatalítica del ZnO segueix sent un motiu de debat. Les característiques 
relacionades amb l’activitat no son clares i diversos experiments relacionen l’activitat a 
factors estructurals. Un gran nombre de morfologies diferents es poden obtenir canviant 
la metodologia durant el procés de síntesis. Relacionat amb aquest fet s’ha apuntat a que 
un major ràtio de superfícies polars respecte les altres superfícies no polars mes estables 
implica una activitat major. Aquests resultats experimentals han motivat una 
col·laboració amb teòric-experimental per tal d’estudiar l’importància de la superfície 
de l’òxid de zinc en la seva activitat fotocatalítica comparada amb superfícies no polars 
mes estables com la (101 0) i (112 0). 
Per dur a terme aquest estudi hem realitzat càlculs basats en el funcional de la densitat 
per tal d’estudiar la major activitat presentada per les nanopartícules amb major area de 
superfície polar exposada. Els estudis teòrics i experimentals realitzats indiquen que el 
procés de la fotoeliminació del isopropanol es du a terme en aquestes superfícies polars. 
Sembla que l’aigua pot ser desplaçada d’aquesta superfície amb certa facilitat per 
l’isopropanol facilitant així el procés. D’altre banda l’alta activitat mostrada no sembla 
estar directament relacionada amb propietats fisicoquimíques de la superfície com 
podrien ser la presencia de vacants o la modificació del band gap, si no que sembla 
apuntar a que el causant d’aquest augment d’activitat está relacionat amb l’estabilitat 
dels forats generats Durant el procés de fotoxidació en la superfície polar (0001 ). El 
coneixement d’aquesta dada es de gran importància per altres processos de 
fotodegradació que involucren el ZnO.  
Continuant amb l’estudi de l’òxid de zinc I motivats per la gran varietat de polimorfs 
estables que presenta aquest material. Com la Wurtzita (WZ) l’estructura tetragonal 
centrada en el cos (BCT)  especialment estable quan l’òxid de zinc es presenta en forma 
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de capes fines. També per sistemes mes petits s’han trobat alters tipus d’estructures 
especialment estables com les nanocaixes, tenen una estructura de capes hexagonals que 
formen una caixa i en alguns casos contenen també una caixa de mida mes petita al seu 
interior. Ens referirem a aquestes estructures com a caixes d’una sola capa (SC) i caixes 
de múltiples capes (MC). També cal destacar una estructura cristal·lina anomenada 
Sodalita (SOD-ZnO) que esta basada en la unió de petites unitats de Zn12O12 acoblades 
unes amb alters.  
Per aquest motiu hem realitzat un estudi sistemàtic d’un gran nombre d’estructures de 
les 5 famílies d’estructures d’òxid de zinc mencionades anteriorment (SC, MC; SOD, 
BCT WZ). Estudiant-ne la seva estabilitat energètica respecte els seus bulks. A partir 
dels resultats d’estabilitat obtinguts podem ajustar les dades per tal d’obtenir l’evolució 
de l’ordre d’estabilitat de les diferents estructures. Hem observat que per a la mida mes 
petita les caixes d’una sola capa (SC) son les mes estables seguides de les caixes de 
múltiples capes (MC) que es converteixen en les estructures mes estables en augmentar 
la mida de les partícules. En arribar a mides properes a 2.6 nm observem que les caixes 
de múltiples capes (MC), les estructures de tipus Sodalita (SOD) i les estructures BCT 
presenten estabilitats molt similars. En aquest punt les estructures de tipus 
nanocristalines. Inicialment sent mes estable les estructures tipus BCT per 
posteriorment cedir el lideratge en estabilitat a les estructures de tipus Wurtzita (WZ). 
Això succeeix aproximadament al voltant de partícules amb 2200 unitats de ZnO. El 
que correspon a nanopartícules d’ aproximadament 4.7 nm lo qual coincideix amb les 
estructures experimentals reportades per aquesta mida de partícula.  
  
Resum en català  
 
199 
 
6.4 Conclusions 
En aquest treball s’han realitzat càlculs basats en el funcional de la densitat per tal 
d’estudiar els sistemes de TiO2 i ZnO. Mitjançant l’anàlisi de les seves estabilitats 
energètiques i les característiques de la seva estructura electrònica. D’aquests càlculs 
hem extret conclusions importants de cara al desenvolupament de materials 
fotocatalitzadors basats en ZnO i TiO2. 
Algunes conclusions importants extretes dels estudis del bulk de TiO2 es comenten a 
continuació. Primerament hem observat com els funcionals GGA fallen en descriure 
l’estructura electrònica d’aquest material i que suposa una millora quan s’aplica la 
correcció semi-empirica de GGA+U. D’altre banda els funcionals híbrids donen prou 
bons resultats. Especialment quan es modifica la quantitat d’ intercanvi de Hartree Fock 
utilitzada en el funcional. De manera que hem pogut trobar una metodologia on 
utilitzant una modificació del funcional PBE0 amb un 12.5% d’intercanvi hem pogut 
descriure de forma adequada els nostres sistemes.  
Un altre fet important es el relacionat de la interacció del fuor amb l’òxid de titani. En 
cas de que s’utilitzi com a dopant. Aquest causa l’aparició d’alguns estats electrònics en 
el band gap del TiO2 aconseguint així reduir-lo, provocant que el material pugui 
absorbir llum mes propera al espectre visible i per tant, augmentant-ne potencialment la 
seva activitat. També de l’estudi de l’adsorció de fluor i àcid fluoroacetic traiem la 
conclusió que: En el cas del fluor es capaç de modificar l’estabilitat de les superfícies 
del òxid de titani. Augmentant així la proporció de la superfície (001) que es mes 
reactiva. De forma similar succeeix amb l’àcid fluoroacetic. També augmenta la 
proporció d’aquesta superfície i per tant augmenta l’activitat de les nanopartícules però 
en aquest cas es degut a la forta interacció que hi ha entre la molècula d’àcid i el TiO2  
En relació a les nanopartícules hem pogut observar l’ordre d’estabilitat entre les 
partícules cristal·lines i no cristal·lines en un rang que va entre uns pocs àtoms fins mes 
de 1000. Amb aquests resultants hem pogut deduir el punt on les nanopartícules 
cristal·lines comencen a ser mes estables que les amorfes i també en quin punt les 
nanopartícules cristal·lines comencen a presentar un comportament similar al del bulk, 
aproximadament cap als 15000 unitats.  
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En relació al òxid de zinc hem observat com en el cas de les nanopartícules de Wurtzita 
utilitzades per la fotodegradació del isopropanol. La seva activitat esta relacionada amb 
l’àrea de superfície polar exposada per la nanopartícula. De manera que nanopartícules 
amb major superfície polar presentaran una activitat major I no nomes això si no que 
aquest fet està mes relacionat amb els factors estructurals que no amb les 
característiques electròniques d’aquesta superfície en concret.  
També gracies al estudi dels diferents polimorfs d’òxid de zinc hem pogut aportar un 
mapa d’estabilitats que cobreix un rang molt ampli de mides de particular desde uns 
pocs àtoms fins a milers. D’aquesta manera podem saber quin es el model mes adient en 
el cas de voler estudiar nanopartícules d’una certa mida. O d’altre banda sabent les 
propietats d’aquests sistemes podem escollir un mida de particular que doni com a 
resultat el tipus d’estructura adient.  
  
 
 
 
Bibliography   
 
201 
 
 
 
 
 
Chapter 7 
Bibliography
Bibliography 
 
202 
 
 
Bibliography  
 
203 
 
7. Bibliography 
1. DOERFFLER, W. Heterogeneous photocatalysis I. The influence of oxidizing 
and reducing gases on the electrical conductivity of dark and illuminated zinc 
oxide surfaces. J. Catal. 3, 156–170 (1964). 
2. Barry, T. I. & Stone, F. S. The Reactions of Oxygen at Dark and Irradiated Zinc 
Oxide Surface. Proc. R. Soc. London A Math. Phys. Eng. Sci. 255, (1960). 
3. Kennedy, D. R., Ritchie, M. & Mackenzie, J. The photosorption of oxygen and 
nitric oxide on titanium dioxide. Trans. Faraday Soc. 54, 119 (1958). 
4. Kato, S. & Mashio, F. Titanium Dioxide-Photocatalyzed Liquid Phase Oxidation 
of Tetralin. J. Soc. Chem. Ind. Japan 67, 1136–1140 (1964). 
5. STEINBACH, F. Photosensitized Oxidation of Carbon Monoxide on Semi-
conductors supported on Silver. Nature 215, 152–153 (1967). 
6. Tanaka, K. & Blyholder, G. Photocatalytic reaction on zinc oxide. II. Oxidation 
of carbon monoxide with nitrous oxide and oxygen. J. Phys. Chem. 76, 1807–
1814 (1972). 
7. Yoneyama, H., Toyoguchi, Y. & Tamura, H. Reduction of methylene blue on 
illuminated titanium dioxide in methanolic and aqueous solutions. J. Phys. Chem. 
76, 3460–3464 (1972). 
8. BICKLEY, R. Photoadsorption and photocatalysis at rutile surfaces I. 
Photoadsorption of oxygen. J. Catal. 31, 389–397 (1973). 
9. Fujishima, A. & Honda, K. Electrochemical photolysis of water at a 
semiconductor electrode. Nature 238, 37–8 (1972). 
10. Schrauzer, G. N. & Guth, T. D. Photocatalytic reactions. 1. Photolysis of water 
and photoreduction of nitrogen on titanium dioxide. J. Am. Chem. Soc. 99, 7189–
7193 (1977). 
11. HALMANN, M. Photoelectrochemical reduction of aqueous carbon dioxide on 
p-type gallium phosphide in liquid junction solar cells. Nature 275, 115–116 
(1978). 
12. Anpo, M. et al. Photocatalysis on Native and Platinum-Loaded TiO 2 and ZnO 
Catalysts —Origin of Different Reactivities on Wet and Dry Metal Oxides—. 
Bull. Chem. Soc. Jpn. 64, 543–551 (1991). 
13. Moser, J. & Graetzel, M. Light-induced electron transfer in colloidal 
semiconductor dispersions: single vs. dielectronic reduction of acceptors by 
conduction-band electrons. J. Am. Chem. Soc. 105, 6547–6555 (1983). 
14. Anpo, M. Photocatalysis on small particle TiO2 catalysts. reaction intermediates 
and reaction mechanisms. Res. Chem. Intermed. 11, 67–106 (1989). 
15. Anpo, M., Kawamura, T., Kodama, S., Maruya, K. & Onishi, T. Photocatalysis 
on titanium-aluminum binary metal oxides: enhancement of the photocatalytic 
activity of titania species. J. Phys. Chem. 92, 438–440 (1988). 
Bibliography 
 
204 
 
16. Bahnemann, D. W., Kormann, C. & Hoffmann, M. R. Preparation and 
characterization of quantum size zinc oxide: a detailed spectroscopic study. J. 
Phys. Chem. 91, 3789–3798 (1987). 
17. Kiwi, J. & Graetzel, M. Projection, size factors, and reaction dynamics of 
colloidal redox catalysts mediating light induced hydrogen evolution from water. 
J. Am. Chem. Soc. 101, 7214–7217 (1979). 
18. Kawai, T. & Sakata, T. Photocatalytic decomposition of gaseous water over TiO2 
and TiO2—RuO2 surfaces. Chem. Phys. Lett. 72, 87–89 (1980). 
19. Sato, S. & White, J. M. Photoassisted water-gas shift reaction over platinized 
titanium dioxide catalysts. J. Am. Chem. Soc. 102, 7206–7210 (1980). 
20. Demiroglu, I. Effect of Dimensionality and Polymorphism on the properties of 
ZnO. TDX (Tesis Dr. en Xarxa) (2014). 
21. Segets, D. et al. Experimental and Theoretical Studies of the Colloidal Stability 
of Nanoparticles−A General Interpretation Based on Stability Maps. ACS Nano 
5, 4658–4669 (2011). 
22. Durán, P., Capel, F., Tartaj, J. & Moure, C. A Strategic Two-Stage Low-
Temperature Thermal Processing Leading to Fully Dense and Fine-Grained 
Doped-ZnO Varistors. Adv. Mater. 14, 137–141 (2002). 
23. Wang, Z. L. & Song, J. Piezoelectric Nanogenerators Based on Zinc Oxide 
Nanowire Arrays. 
24. Rout, C. S., Raju, A. R., Govindaraj, A. & Rao, C. N. R. Hydrogen sensors based 
on ZnO nanoparticles. Solid State Commun. 138, 136–138 (2006). 
25. Colvin, V. L., Schlamp, M. C. & Alivisatos, A. P. Light-emitting diodes made 
from cadmium selenide nanocrystals and a semiconducting polymer. Nature 370, 
354–357 (1994). 
26. Bagnall, D. M. et al. Optically pumped lasing of ZnO at room temperature. 
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/
adcenter/pdfcover_test/L-37/549665608/x01/AIP-
PT/APL_ArticleDL_042617/FYI_HouseBanner_1640x440_v3.jpg/434f71374e31
5a556e61414141774c75?x (1998). doi:10.1063/1.118824 
27. Bai, Z. et al. High sensitivity, fast speed and self-powered ultraviolet 
photodetectors based on ZnO micro/nanowire networks. Prog. Nat. Sci. Mater. 
Int. 24, 1–5 (2014). 
28. Goldberger, J., Sirbuly, D. J., Law, M. & Yang, P. ZnO Nanowire Transistors. J. 
Phys. Chem. B 109, 9–14 (2005). 
29. Janotti, A. & Van De Walle, C. G. Fundamentals of zinc oxide as a 
semiconductor. Rep. Prog. Phys 72, 126501–29 (2009). 
30. Nakata, K. & Fujishima, A. TiO 2 photocatalysis: Design and applications. J. 
Photochem. Photobiol. C Photochem. Rev. 13, 169–189 (2012). 
Bibliography  
 
205 
 
31. Leyland, N. S. et al. Highly Efficient F, Cu doped TiO2 anti-bacterial visible light 
active photocatalytic coatings to combat hospital-acquired infections. Sci. Rep. 6, 
24770 (2016). 
32. Szabo, A. & Ostlund, N. S. Modern quantum chemistry : introduction to 
advanced electronic structure theory. (Dover Publications, 1996). 
33. Kohn, W. & Sham, L. J. Self-Consistent Equations Including Exchange and 
Correlation Effects. Phys. Rev. 140, A1133–A1138 (1965). 
34. Parr, R. G. & Yang, W. Density-functional theory of atoms and molecules. 
(Oxford University Press, 1989). 
35. Thomas, L. H. The calculation of atomic fields. Math. Proc. Cambridge Philos. 
Soc. 23, 542 (1927). 
36. Fermi, E. Eine statistische Methode zur Bestimmung einiger Eigenschaften des 
Atoms und ihre Anwendung auf die Theorie des periodischen Systems der 
Elemente. Zeitschrift f�r Phys. 48, 73–79 (1928). 
37. Hohenberg, P. & Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 136, B864–
B871 (1964). 
38. Vosko, S. H., Wilk, L. & Nusair, M. Accurate spin-dependent electron liquid 
correlation energies for local spin density calculations: a critical analysis. Can. J. 
Phys. 58, 1200–1211 (1980). 
39. Cole, L. A. & Perdew, J. P. Calculated electron affinities of the elements. Phys. 
Rev. A 25, 1265–1271 (1982). 
40. Becke, A. D. Density-functional exchange-energy approximation with correct 
asymptotic behavior. Phys. Rev. A 38, 3098–3100 (1988). 
41. Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. B 37, 785–
789 (1988). 
42. Perdew, J. P. et al. Atoms, molecules, solids, and surfaces: Applications of the 
generalized gradient approximation for exchange and correlation. Phys. Rev. B 
46, 6671–6687 (1992). 
43. Perdew J. P, B. K. & Ernzerhof, M. Generalized Gradient Approximation Made 
Simple. Phys. Rev. Lett. 77, 3865–3868 (1996). 
44. Perdew, J. P., Ernzerhof, M. & Burke, K. Rationale for mixing exact exchange 
with density functional approximations. 
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/
adcenter/pdfcover_test/L-37/20939943/x01/AIP-
PT/JCP_ArticleDL_0117/PTBG_orange_1640x440.jpg/434f71374e315a556e614
14141774c75?x (1998). doi:10.1063/1.472933 
45. Hubbard, J. Electron Correlations in Narrow Energy Bands. Proc. R. Soc. London 
A Math. Phys. Eng. Sci. 276, (1963). 
Bibliography 
 
206 
 
46. Hubbard, J. Electron Correlations in Narrow Energy Bands. II. The Degenerate 
Band Case. Proc. R. Soc. London A Math. Phys. Eng. Sci. 277, (1964). 
47. Hubbard, J. Electron Correlations in Narrow Energy Bands. III. An Improved 
Solution. Proc. R. Soc. London A Math. Phys. Eng. Sci. 281, (1964). 
48. Hubbard, J. Electron Correlations in Narrow Energy Bands. IV. The Atomic 
Representation. Proc. R. Soc. London A Math. Phys. Eng. Sci. 285, (1965). 
49. Hubbard, J. Electron Correlations in Narrow Energy Bands. V. A Perturbation 
Expansion About the Atomic Limit. Proc. R. Soc. London A Math. Phys. Eng. 
Sci. 296, (1967). 
50. Hubbard, J. Electron Correlations in Narrow Energy Bands. VI. The Connexion 
with Many-Body Perturbation Theory. Proc. R. Soc. London A Math. Phys. Eng. 
Sci. 296, (1967). 
51. Dudarev, S. L., Botton, G. A., Savrasov, S. Y., Humphreys, C. J. & Sutton, A. P. 
Electron-energy-loss spectra and the structural stability of nickel oxide: An 
LSDA+U study. Phys. Rev. B 57, 1505–1509 (1998). 
52. Slater, J. C. Atomic Shielding Constants. Phys. Rev. 36, 57–64 (1930). 
53. Blum, V. et al. Ab initio molecular simulations with numeric atom-centered 
orbitals. Comput. Phys. Commun. 180, 2175–2196 (2009). 
54. Hamann, D. R., Schlüter, M. & Chiang, C. Norm-Conserving Pseudopotentials. 
Phys. Rev. Lett. 43, 1494–1497 (1979). 
55. Blöchl, P. E. Projector augmented-wave method. Physical Review B 50, 17953–
17979 (American Physical Society, 1994). 
56. Bloch, F. Über die Quantenmechanik der Elektronen in Kristallgittern. Zeitschrift 
für Phys. 52, 555–600 (1929). 
57. Wales, D. J. & Doye, J. P. K. Global Optimization by Basin-Hopping and the 
Lowest Energy Structures of Lennard-Jones Clusters Containing up to 110 
Atoms. 
58. Wulff, G. XXV. Zur Frage der Geschwindigkeit des Wachsthums und der 
Auflösung der Krystallflächen. Zeitschrift für Krist. - Cryst. Mater. 34, 449–530 
(1901). 
59. Reuter, K. & Scheffler, M. First-Principles Atomistic Thermodynamics for 
Oxidation Catalysis: Surface Phase Diagrams and Catalytically Interesting 
Regions. Phys. Rev. Lett. 90, 46103 (2003). 
60. Bromley, S. T., Moreira, I. D. P. R., Neyman, K. M. & Illas, F. Approaching 
nanoscale oxides: models and theoretical methods. Chem. Soc. Rev. 38, 2657–
2670 (2009). 
61. de P. R. Moreira, I., Illas, F. & Martin, R. L. Effect of Fock exchange on the 
electronic structure and magnetic coupling in NiO. Phys. Rev. B 65, 155102 
(2002). 
Bibliography  
 
207 
 
62. Jimmy C. Yu, *,†, Jiaguo Yu, †,‡, Wingkei Ho, †, Zitao Jiang, † and & Zhang†, 
L. Effects of F- Doping on the Photocatalytic Activity and Microstructures of 
Nanocrystalline TiO2 Powders. (2002). doi:10.1021/CM020027C 
63. Di Valentin, C. & Pacchioni, G. Trends in non-metal doping of anatase TiO2: B, 
C, N and F. Catal. Today 206, 12–18 (2013). 
64. Harb, M., Sautet, P. & Raybaud, P. Anionic or Cationic S ‑ Doping in Bulk 
Anatase TiO$_2$ : Insights on Optical Absorption from First Principles 
Calculations. J. Phys. Chem. C 117, 8892–8902 (2013). 
65. Deng, Q., Han, X., Gao, Y. & Shao, G. Remarkable optical red shift and 
extremely high optical absorption coefficient of V-Ga co-doped TiO 2. J. Appl. 
Phys. 112, 13523 (2012). 
66. Asahi, R., Morikawa, T., Ohwaki, T., Aoki, K. & Taga, Y. Visible-Light 
Photocatalysis in Nitrogen-Doped Titanium Oxides. Science (80-. ). 293, 269–
271 (2001). 
67. Han, X., Kuang, Q., Jin, M., Xie, Z. & Zheng, L. Synthesis of titania nanosheets 
with a high percentage of exposed (001) facets and related photocatalytic 
properties. J. Am. Chem. Soc. 131, 3152–3153 (2009). 
68. Lamiel-Garcia, O., Tosoni, S. & Illas, F. Relative stability of F-covered TiO2 
anatase (101) and (001) surfaces from periodic DFT calculations and ab initio 
atomistic thermodynamics. J. Phys. Chem. C 118, 13667–13673 (2014). 
69. Calatayud, D. G. et al. Highly photoactive anatase nanoparticles obtained using 
trifluoroacetic acid as an electron scavenger and morphological control agent. J. 
Mater. Chem. A 1, 14358 (2013). 
70. French, S. A. et al. From CO2 to Methanol by Hybrid QM/MM Embedding This 
work was supported by EU Esprit IV project 25047. S.A.F. is grateful to ICI and 
Synetix for funding. K. Waugh, L. Whitmore, S. Cristol, and P. Sushko are 
thanked for their helpful insights. QM/MM=quantum. Angew. Chemie Int. Ed. 
40, 4437 (2001). 
71. Kurtz, M. et al. Active Sites on Oxide Surfaces: ZnO-Catalyzed Synthesis of 
Methanol from CO and H 2. Angew. Chemie Int. Ed. 44, 2790–2794 (2005). 
72. Meyer, B. et al. Partial Dissociation of Water Leads to Stable Superstructures on 
the Surface of Zinc Oxide. Angew. Chemie Int. Ed. 43, 6641–6645 (2004). 
73. Nieuwenhuizen, P. J. Zinc accelerator complexes. Appl. Catal. A Gen. 207, 55–
68 (2001). 
74. Rodriguez*, J. A. & Maiti, A. Adsorption and Decomposition of H2S on 
MgO(100), NiMgO(100), and ZnO(0001) Surfaces:  A First-Principles Density 
Functional Study. (2000). doi:10.1021/JP000011E 
75. Polarz, S. et al. On the Role of Oxygen Defects in the Catalytic Performance of 
Zinc Oxide. Angew. Chemie Int. Ed. 45, 2965–2969 (2006). 
76. Maeda, K. & Domen, K. Solid Solution of GaN and ZnO as a Stable 
Bibliography 
 
208 
 
Photocatalyst for Overall Water Splitting under Visible Light 
?
 Chem. Mater. 22, 
612–623 (2010). 
77. Mills, A. & Le Hunte, S. An overview of semiconductor photocatalysis. J. 
Photochem. Photobiol. A Chem. 108, 1–35 (1997). 
78. Linsebigler, A. L. et al. Photocatalysis on TiO2 Surfaces: Principles, 
Mechanisms, and Selected Results. Chem. Rev. 95, 735–758 (1995). 
79. Grätzel, M. Energy resources through photochemistry and catalysis. (Academic 
Press, 1983). 
80. Nenadovic, M. T., Rajh, T. & Micic, O. I. Size quantization in small 
semiconductor particles. J. Phys. Chem. 89, 397–399 (1985). 
81. Reiche, H. & Bard, A. J. Heterogeneous photosynthetic production of amino 
acids from methane- ammonia-water at platinum/titanium dioxide. Implications 
in chemical evolution. J. Am. Chem. Soc 101, 3127–3128 (1979). 
82. Yoneyama, H., Koizumi, M. & Tamura, H. Photolysis of Water on Illuminated 
Strontium Titanium Trioxide. Bull. Chem. Soc. Jpn. 52, 3449–3450 (1979). 
83. Kiwi, J., Borgarello, E., Pelizzetti, E., Visca, M. & Grätzel, M. Cyclic Water 
Cleavage by Visible Light: Drastic Improvement of Yield of H2 and O2 with 
Bifunctional Redox Catalysts. Angew. Chemie Int. Ed. English 19, 646–648 
(1980). 
84. Heller, A., Aharon-Shalom, E., Bonner, W. A. & Miller, B. Hydrogen-evolving 
semiconductor photocathodes: nature of the junction and function of the platinum 
group metal catalyst. J. Am. Chem. Soc. 104, 6942–6948 (1982). 
85. Borgarello, E., Kiwi, J., Graetzel, M., Pelizzetti, E. & Visca, M. Visible light 
induced water cleavage in colloidal solutions of chromium-doped titanium 
dioxide particles. J. Am. Chem. Soc. 104, 2996–3002 (1982). 
86. Dirac, P. A. M. The Quantum Theory of the Electron. Proc. R. Soc. London A 
Math. Phys. Eng. Sci. 117, (1928). 
87. Gerosa, M., Di Valentin, C., Onida, G., Bottani, C. E. & Pacchioni, G. 
Anisotropic Effects of Oxygen Vacancies on Electrochromic Properties and 
Conductivity of γ-Monoclinic WO 3. J. Phys. Chem. C 120, 11716–11726 (2016). 
 
  
Bibliography  
 
209 
 
 
